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A BSTRACT

Unlubricated wear of metal components is a signifazzatih the deterioration of various metal
structures and assemblies and has been the focus of intensive resexeriatfecades. Despite

this, accurately predicting the quantity and development of wear from information about the
geometry, materiaiéloading of the wearing contact appears to be beyond the reach of engineering
science at preseiiine development of more generally applicable, reliable wear prediction method
(owear | awd) would be of great blé alse fclose a i n

significant gap in the current state of tribological knowledge.

The researcpresented ithis thesis establigheoth the limitations of traditional wear prediction
approaches basedontwvm dy cont act mechani csweldasalpassibleAr c
alternative in the tribological circuit approach, which was initially proposed by Berthier and then
refined into a wear modelr a closed contact geomdtsy Fillot, lordanoff & Berthier. Through
experimental reseayehnumber of aamptions and questions put forward bysdlaithors were
examined; in particular the interaction betweedethsejection path length, surface profile and
debris particle sizeagfound to govern the ejection of wear debris and thus wear. The model was
also found to predict a strongly dimear dependence on normal forcedomnnular contact
geometry, the same geometry in which exactly such dependence has been observed experiment:
but not yet explained. Additional experimental work revealedeacterior the contact to eject

debris along the shortest available path. With this knoveledgéhematical expression for debris
ejection in multiple directiomsasformulated. With it, thepproach proposed by Fillot, lordanoff

& Berthier was expandedan open contact geometsyccessfully achieving a transition of a wear
model between geometri€bis would also indicate, that the approach studied could be a generally

applicable wear model.

To aid the experimental work, a method for observing wéwutvidisturbing it has been
developed, using-bdy computed tomography. This is the first such applicatiommagf &T to
wearingcontacts, thdirst instance of wear being extensively quantified entiretiestouctively

(i.e. without dismantling the wiag contact for studieahd has been proven to be very successful

as a tool for observing and quantifying wear. The success obtained can also serve as a power
justification for further development of this approach and progress towards the obsefvations

wear insitu using penetrating radiation.
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During the preparation of this research work, the following scientific publicatignedvered

x Experimental investigation of debris entrapment in @ueasqonbdisteed in Proceedings
of Institution of Mechanical Engineers, part J: Journal of Engineering Tribology in March
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1 | NTRODUCTION
Oxford English dictionary defines ‘wearDasnage, erode, or destroy by frittiontioe ss@se of

this definition, wear has accompanied mankind since prehistoric times, wessthggweapons

and roads. Wearas of course alssed constructively for purposes of craft, as attested by polished
gemstones, swords and other objebtsurprisingly, wear eventually became an obgaienfific

study P. I. Hurricks(3) attributed the first systemagganination of fretting wear to G. A.
Tomlinson, who published a paper tiflé@ rusting of steel surfaces in Pootaeidings of Royal
Society in 1927. However, Zmitrowfdz 5) has identified the work of Chartégtchett as the

earliest contribution to study of wear. Hatchett (in conjunction with Henry Cavendish, who,
however is not directly credited as-author) studied wear of gold alloys for purpose of improving

the quality of British coinggpublishing tb results in Philosophical transactions of the Royal
Society in 180@). Hatchett and Cavendish engaged a certa@ulMbertsorto build a machine

for rubbing coins against each other under pressure. The motion was apglathalgonal axes
simultaneously with a different frequency for each axis, giving very complex experimental condition
even by modern standards. In turn, Hatchett quotes a French report on wear of silver alloys
published in Annales @himie in 1793, indating that study of wear extends to at least khte 18

century.

Wear became a topic of more concentrated research in the second half"o€eh&i30 The
journalWearwaspublished for the first time in 195tjbology Transaction®riginallyASLE
Transactions folloned in 1958 andJournal of tribology(originally Journal of lubrication
technologigsappeardin 1967T h e t e r m wdsintroduted ih ©9§6yb$ J¢g)to describe
the rapidly developing fiedflengineeng sciencdealing with friction, friction mitigation and wear
Today, tribology is kErge andliverse field, dealing with issuasging from performance of
artificial jointsto failures of spline couplingddongevity of nuclear fuel.

1.1 Themotivation for this work
One of the major unsolved problems of tribology is reliable prediction of quantity and progress of

wear. Whila number of models have been proposed, it is presently impossible to reliably predict
exactly how much wear will occur simply ftaking into consideration the contact geometry,
contact conditions and wearing materials. While laboratory tests can reveal useful information abot
general wear resistance of materials and the direction of influence of a certain paraoeses (

change cause more or less wear), no method currently exists that would eneiigtytievear

to be calculated without extensive reliance on empirical data for that exact contact and operatin

conditiorn(s).
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This research projestassponsored by RoHRoycePIc with the general intentionazfvanmg the
understanding of wear gasturbine engine componentdn a turbine engine, many parts are
exposed to continuous or intermittent slidind/or oscillatingubbing/fretting leading to wear,
pitting,accelerated oxidation or fatigigurel).

CONTACT & FRICTION - ISSUES IN AERO-ENGINES

Fans & Compressors

. Dovetail Wear & Fretting

. Tip Rub

. VSV mechanisms & Bleed valves

Combustors
. Pigtails, Pipe works, Supports,
Flanges, Interface

Turbines
* Firtree, seals, Shroud
* Lock plate / cover plates

« UPDs

Structures & Transmissions WEM

«  Pinned, Bolted, Keyed Joints  «  Assemblies o
. Interference Fits . FBO Studies

. Splines, Gears, Bearings . Forced Response i

. End stops

Figure 1 Wearing contacts in a typicapassengeljet engine
One of the componentgvingthe sponsoconcerns the antiret liner, sitting betweehe rootof
the compressor blade and the holding(Rigure2). The liner and the blade root wear in service,
with the severity of the wear being irregatat unpredictableThis calls for relatively short
inspection p@ods toeitherconfirm that the components are still soongrovide fopreventative
replacement of components. Accurate prediction of wear would enable to safely extend the servic

intervals, reducing costsarfjine dowrtime and replacement parts.
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Compressor
blade

Anti-fret liner

Holder ring

Figure 2: Compressor blade on the holder ring

In the same enginastpossible to see wear ranging from insignjfiodntallocalconsumption of

the antifret liner. Examples of wear damage afegure3 andFigured.

Figure 3: Scuffing marks on the antifret liner. Figure 4: Wear on the compressor blade root.

The contact geometry consists of a series of rectangciesfraeasuring 14x3 and 14x6 mm in
size) pressed againstpiane and reciprocating in the direcpamnallelto the longer sidelhe
sponsor estimates the displacement to be -@50rhm rangeThe components are exposed to
highpressure aflenvironmenpressures ranging fromt 2ViPadepending on the exact position in
the engine and engine operatianhigh temperaturdsa p pr o x . . 9A\& hekeCexigtseaa k )
pressure difference between the sides of the blagmsisiblefor there to besome air bl-by
through the wearing contact. Thésghly complex conditionsannot be approximated using
traditional experimental wear setups, such -asglisc or balbn-flat, as these have contact areas
that are relatively small compared to their displacemieptessure distribution radically different

to those seen in the blade root.
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1.2 Desired outcome
The sponsor has invested considerable resources into attempts to predict the extent anc

development of wear damage through numerical modElorg. discussionsvi t h s ponsc
engineers, it became apparent that they are looking for a relationship that would link the local stre:
field in the wearingontact with the local wear rate. This can then be used imaaticheng model

to simulate weausing the impr@d law, the local stress field is translated into locakaestine

local wear rate is used to calculate the new (worn) surface profile, which is thenasedl&tere

the local stress field and so 8s. evidenced in the research performed, tpisagp to be an
unreacheable goal, since wear is goverrexdognicro and macyscale variables which cannot be
simply separated. Predicting wear thus demandsegratedapproachtaking account of how
macroscopic variables affect wearndéev micro leel. This requires, in the first instance, a
mathematical description of wear that accounts for the interplay of microscopic and macroscopic
variables and in the second instance a methadlitdly inferring parameters for such a model

from the geometrysed in laboratory tests, even if the wearing contact in the engine is different.

1.3 Structure of the thesis
An extensive survey of available literature was imdidaing that the local wear rate depends

significantly on the behaviour of the wear debms Which in turn is dependent on the
macroscopic state of the contact (contact geometry, bulk temperature eo.panfluenced by

externafactorssuch as air flow through the wearing contact.

As aresult, a moré g | oappaoaah was pursued; whie aim of producing (or at least open the
pathway for producing) a mathematical description of wear for the entire contact, rather than some
local wear law. While this would not enable thewsast geometry to be precisely calculated, it
would at leagtnable the prediction of the total quantity of material removed. A hitherto little used
and relatively untested, but conceptually strong model was identified in the literature and made
subject of extensive experimental and analytical study to explore i®waaameters influenced

by contact geometry and how can this model be applied to different contact geometries.

To further aid research in this direction an approach for direct observation of the progress of weal
through Xray computed tomography wasveloped. Thispproach also enabled wear to be
quantified without disassembling or otherwise disrupting the corftecis an important
development in itself, aseitablegjuantification of features thaere previously difficult to assess

(such as theeal area of contact) and also testing of models predicting dynamics of the wear

processes.
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The dscrete element method (DEM) was identified as a possible and hitherto little used method for
simulating wear, without the need for an explicit wear lale. Myhattempt towards refining this

approachwas made (the work was predominantly experimental with no provisions for extensive
programming/coding component) strong publications illustrating the approach were identified in

the literature.
This thesis caists of 8 principal chapters:

x Chapter2 presents a survey of available tribological litecatucerning dry wear of metals
under a variety of conditions. Its conclusions (sez#oh list a numbeof observations
concerning limits of existing knowledmed potentially fruitful directions of further

research.

x Chapter3 gives the details concerning the design of experimental equipment developed for

the experimental wopkesented in this thesis.

x Chapter4 presentsan attempt to develop a wear modelling approach discovered in the
literature and a systematic study of how do geometrical variables affect the parameters c

this model.

x Noting severeirhitations in studying wear with traditional methods of tribology, an
approach based onrgy imaging was introducadd proven through a pilot experiment
(Chapten).

x In order to demonstrate the applicability efa) diffradbn for examining worn samples

without sectioning them pilot diffraction experiment was carried©hapte).

x Using these experiments as a base, an advaremgdnaging/diffraction experiment was
carried out, demonstireg the possibility of observing, studying and quantifying wear
without disturbing the conta@hapter?).

x In Chapter8 an attempt was made to expand the approach studied in @hapbtgen
contact geometries.

x Chapter 9 lists the conclusions of the research work, inghadisigle wear mitigation

strategies and areas of fruitful further research.
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2 L ITERATURE SURVEY

2.1 Fundamentak of wear.
Although weaprocesselad been known anexploitedfor millennia, systematic study of wear only

became a regular occurrence after the first world war and started expanding rapidly in 1950s. Tt
extent of the work performed during the past six decades is illustrated (but byitarage afo

longer well represented) by the review of Meng & Lu@wiao examined wear models published

in the journaWearand proceedings &ear of Materialsonferences between 19982 and
19771991 respectively. A tbte# 5466 publications were surveyed, with several hundred distinct
wear models identified and 182 selected for further study, which were in turn found to contain a
total of 625 wear variables and empirical parameters.

Meng & Ludema were critical of sttéhe field, noting that despite the multitude of wear models,
there is no generally applicable one, that existing wear models cannot be harmonised with each ott
and that there is little commonly shared terminology between researchers. The lackalitgommo
in approach is further illustrated by B@who lists in excess of 40 distinct metrics for assessing

wear presented in tWdear of Materiedmferences for only 8 types of wear.

In general terms, the observationslehg & Ludema are still true. Despite extensive efforts, there
appears to be no unified theory of wear and no common metric for measuring wear. No method is
currently known by which wear in one geometry could be inferred from experimental results
obtainedn a different geometry. Many empirical correlations have been published, but each applie:
only within a narrow set of conditions or relies on coefficients that need to be measured on a case
percase basis, making it very difficult to predict the exteretanfof some engineering component
without extensive service/experimental data. As the influence of other factors is still unclear,
predicting wear remains a significant challenge within the industrial context.

2.1.1 Types of wear
Typically, wear problems aegegorized either by type of damage observed on the wearing surfaces

or by the relative movement of wearing surfaces.

The simplest example of the former categorization was introduced by Archard(X50ywsd

simply dividedunl ubri cated wear of met als onto o&midl
regi me producing small |, heavily oxidized pal
regime producing larger metallic particles and comparatively higheesverisadivision appears

to be losing popularity, but is still occasionally used (see for €2afinlé )
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More detailed categorisation by type of wear damage or wear process can be found in the review
wear mechanism maps by Lim & Astit8)who identified 6 types of metaimetal contact wear,

namely ultranild wear, delamination wear, mild oxidational wear, severe oxidational wear, melt weal
and seizure. However, the idéavear maps in general and/or the approach of Lim & Ashby in
particular were criticized by Go¢kt)as well as Fillot, lordanoff & Berth{@5)as misleading,

since they equate the general wemeps with the particle detachment mechanism, ignoring the
behaviour of the wear debris bed.

Categorization by movement divides wear into unidirectional (surface moves only in one directior
relative to another), reciprocating (movement changes dirantiofretting (reciprocating with

very small amplitudesyith fretting being further divided infidl slip partial slip and fully stuck
regime(16; 17; 18; 19; 20h studies of frettingt is common to express the relation between the
tangential (shear) force trying to move one surface against the other and the displacement caused
this force in a diagram called a fretting I6ayu(e5). In the fully stuck regime, the shear force is
insufficient to overcome the friction between surfaces and displacement occurs solely througt
elastic deformation of the bodies. In partial slip, a part of the contact surface slips, but a part
remains stuck (due lmcal pressure and therefore the friction force being higher). In gross slip, the

shear force overcomes friction completely, making the entire surface slip.

]
-
i -
-
“s
]
e
()
bt
\1
3
[\\'\R‘ :‘I
[ [ R,

d A d i d
A :
i -
Ay A,
(a) {b) (c)
Figure 5: Fretting loops for the fully stuck (a), partial slip(b)andyr oss sl i p regime (c) accordi n¢

(199 T denotes the shear f odtoepea,r td adi ssdligc &€ meamts,i t Hdgnosshaempd ti u a
slip transition amplitude.
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Fouvry et al(21)provide the following division for balt-flat contacts: The transition amplitude
between partialand fullslg ( i s g i v e(@2)elastic eMpressibh (eqrd) s

3%

ey !
1 1¢ 1¢
A 2
G G G,

Wherers is the contact radiug, is peak shear stre€s, 1 apdG,, . are shear moduli and Poisson
ratios for the plane arill materials respectively. If the amplitude is smallex, t@ncontact is

in partial slip. An empirical study of partial slip/full slip transitio@®&AB4V alloy was produced

by Fouvry, D u(23) wéhichBesnonstrateshtlaeufriction coefficient increasing with
displacement in the partial slip region before falling to a slightly lower, but displacement
independent value.

The transition amplitude between full slip and reciprocating sliding is given asahe isuat:

this amplitude every part of the contact ar e
This division considers only geometrical conditions. No evidence is given that the transition from
full-slip to reciprocating sliding adiyiahuses a change in wear to occur or that there are no further
changes with displacement in the reciprocating sliding regiraigp-fedteciprocation transition is
discussed in somewhat more detail by Chen & 2HApuvholinked the transition with a change in

the wear mechanism, type of debris generated (fine, heavily oxidized in fretting, metallic in sliding
and identified a sharp increase in wear rate at the transition. However, they give no explanation as
which faocbrs govern the appearance of this transition or by what mechanism they do so.

In any case, the above discussion ampilgso Hertzian contacts. In a properly aligned annular
contact, no pressure gradient is expected and it was believed that sustdoamaexperience

partial slip. However, Hintikka et @5) have demonstrated that in real annular contacts, elastic
deformation of the cylindrical specimens causes a gradient of pressure to occur in the radic
direction. ©@rrespondingly, partial slip can occur in annular contacts. However, the pressure
gradient and the motion occur in orthogonal directions, making the slip zones appear in parallel witl

the direction of the motion.

It should be borne in mind, that the ctadstontact mechanics approximation of a perfect elastic
solid and perfect elastic bgdface may not fully reflect the real contacting bodies, which have rough
surfaces and locally-iaotropic properties. Through boundalgment analysis of rough swefac
contact Armand et §R6)demonstrated that even in-takflat contacts, the surfaces touch only in
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small, randomly distributed spots, each with a unique pressure distribution, with pressure spike
being sufficiently higbdally, to cause plastic yielding of the material.

2.1.2 Types of contacts
Il n contact mechani cs, contacts are often di

change with nor mal force (such as fl a¢éa pun:
increases with normal force (such asobdlll at ) and O6recedingd wher
force. In wear studies, a different division isdifpiused, althoudgérminological differencesist

between authors. In general, common contact gezsyae divided roughly onto raonforming
(surfaces curve away from each other) and conforming contacts (surfaces are parallel to each othe
In addition, contacts can also be divided into open contacts, where wear debris can escape |
moving in the dection of the motion and closed contacts where this is not possible. For example, a
ball sliding in a straight line on a plane would be considered an open contact, whereas a ball rotati

against a plane around a normal through its centre would prokhsesl @ontact.

2.2 Obsewation, quantification and charaterisationof wear
Different wear studies focus on different aspects of wear, be it the amount of material removed, the

shape of the wear scar created, the chemical composition of wear debris tiesamwieter
that is deemed to be of importance. As the field developed, a number of techniques were introduce
to enable the effects of wear to be observed and qud&iified

2.2.1 How much wea?
The amount of material removedvear is usually quantified using either change in mass or change

in surface geometry. Weighing of wear samples before and after wear can establish the amount
materiaremoved from trebediesSince these amounts are often relatively small corgptred

masses of the samples, suitably sensitive weight scales and sample handling protocols are require

Changes in surface geometry can be established using profilometry.(B8)orséxample used

a line tactile probimeter to produce a pset@D shape of wear scar. Optical profilometers can
capture the topography of the worn area directly. The difference between the unworn profile
(measured before experiment or idealized) and thevgesprofile represents the antoah
materiaremoved from the worrSeeetor exampl@9; 30; 31)in cases where the worn area is
difficult to reach or inconveniently shapedaytomography has been used successfully to obtain a
highresolution 3D image of the part pead postvear in order to measure wéze; 33; 34)
Depending on the circumstances, relatively large differences may occur between thes
measurements, since not all matdréa has been displaced from itsvpear position is actually

removed from the sample.
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Other options are also possible, although relatively rarely used.

As the bodies wear, their thickness decreases. By measuring the thickness of the weareng bodies,
amount of wear can be inferred. Belin ¢Ba)Jreport the use of Xay attenuation for this purpose

(since thinner samples attenuate less). The thickness of the wear sample can also be measu
mechanically by equipping tlhear machine with sensors that measure the movement of the sample

components in the direction of t(36)eand ra® was a | 1

successfully attempted in this work as wekésters3.2.2.3

The use of radioactive materials is also reported. WarngBéjsalidied wear of polyethylene

doped with radioactive isotope against stainless steel, lubricated by water. Changes ty oadioactivi
the water and steel respectively were used as a measure of the amount of plastic worr away and
attached to the steel surface or dispersed in the water lubricant as debris. Radioactive trac
technology38)has been inse since 1950s for measuring lubricated wear of engine parts and has
been expanded to other applications since, such as orthopaedic implants. The wearing parts &
made radioactive through neutron irradiation or ion implantation and the radioacthaty of
lubricating liquid measured through time to determine the accumulation of radioactive wear debri:

in the lubricant.

2.2.2 What is the temperaturén wear?
In wear, we separate between the bulk temperature, which is the temperature of the wearing boc

measted far away from the worn area and flash temperature, which occurs at the contact of
wearing bodies, as a result of energy dissipation through friction and plastic deformation. As wee
depends on the material properties of the material, surface cljexmisttipn, thermal degradation

of l ubricant s, di ffusi oné) and materi al pr o

some extent a function of temperature, wear is governed by the interplay of both temperatures.

The bulk temperature of theearing bodies is typically easily measurable and can be manipulated
and controlled using furnaces, heating plates or induction (&xt88s 40; 41flash temperature

on the other hand is ofternffetult to determine in practice. A number of models for predicting
flash temperature has been proposedwben applied to the same c#se results can vary
significantlydue to different assumptiom®d approximationssee discussion @2; 43; 44)
Experimentally, the flash temperature in contact between dissimilar metals can be measured by usi
the contact itself as the 6hotd joint i n a
since ateast 192%45; 46; 47and has demonstrated that t empe
reached, but that much lower flash temperatures also occur. In a homogenous contact (one whe

both wearing bodies aretbé same material), this technique cannot be applied. Jin, Shipway & Sun
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(30)used a series of thermocouples embedded into the wearing body to assess the heat flux, whi
can then be used to determine the temperature of thagnieterface. However, the result still
depends on some assumptions and may not be the expression of the actual momentary flas
temperature, but a time averaged value of flash temperature across the contact suréace. Sutter
Ranc(48)used a thermal imaging camera to film the edge of sliding contact, inferring the flash
temperature from temperature distribution in the high temperature streaks that occur as a result c
friction in asperity contacgkhasemi, Furey & Kajdé&9)used an infreed microscope tonage

the fretting contact of a steel ball and a sapphir plitimtemperature being inferred from the IR

radiance of the hot spots. Very | ow temperat

Flash tenperature could play a significant role in wear; as explained bySBgdwadized heating

causes the asperities to increase in prominence through thermal expansion. Since the asperity we
0 h atd size postvear dependsot only on the material removed, but also on shrinkage upon
cooling. Grigoriev et a51) present an idealized mech#mrmal model of sliding wear which
indicates that for a material with a negative coefficient of thepasagien wear can be effectively
eliminated at sufficiently low nominal contact pressures, since the asperities sHrinkomadbn
heating, thus O0retractingd from contact, red

2.2.3 Tribologically transformed structure (TTS)
In wearof metals, a layer termed tribologically transformed str(&2)r63; 54; 553 formed

directlyunderneath the worn ardagyure6). This structure is forrdeduring or immediately after,
the very initial stage of the wear pro@agsd creatioof TTS in titanium alloy itne first 50 wear

cycles is reported (§2) with as little 10 cycles being reported as sufficiat®lirBL6L stainless

steel(56). Some authors report that a certammparatively smalimount of frictional energy
needs to be expended, before TTS is fo(glgd

Figure 6: Different forms of TTS formed in fretting BS S132 steel (cylinden-plane geometry) (57)
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Typically, the observation of this structure utilizes traditional metallography: the wear sample i
mechanically sectioned, polishethed and subjected to opti¢a8) or scanning electronic
microscopy(57; 59) More advanced techniques, such as transmission electron microscopy with
electron diffractior(52; 60)or electron backscatter diffracti@l; 55; 62fan also be applied,
usually done esitu.

A concise explanation for occurrence of TTS is given by Zho(bd) @fter observing that TTS

is formed in wear of metals, regardless of contact conditions and the exact composition of metals i
contact, they dismiss the possibilities of TTS being formed through tempehatec phase
transformation (sce there is evidence that the occurring temperatures are not sufficient to cause
this as separately shown(89; 47)in additiornto TTS alsoforming inwear ofpure metal$63),

TTS bemng formed through mechanical alloying (as it also forms in homogenous joints and even in
wear of metal against Aoretallic mineralg4) or throughincorporation of elements from the
atmosphere into the material (as TTSuadao have the same chemical compositions as bulk
material). They propose that TTS is formed through intense, localized plastic deformation. This i
supported by successful creations ofllKESstructures without the use of wear through the use of
extrene plastic deformation under comprestosion(65; 66; 67; 68y impact condition&9)

Further evidence for creation of TTS through plastic strain is provided by &aif70)who

studied deformation of pure aluminium sliding against a single wedge. ABigassYia single

pass of the wedge can create significant, but localized strastritgiah of which appears very
similar tothe appearance of TTBigure6). The strained material also comt@ditracks running

roughly parallel to the surface. These cracks can connect with each under in subsequent passes
that:0When a second sliding pass was made over the folded surface creategd®y @apicie passeplatel

observed to detach from tlde surface.

2.5
20
15
1.0
0.5
0

Figure 7: Strain distribution in aluminium subjected to localized plasti deformation due to sliding (70)
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TTS is of importangsince it is the TTS, not the butlaterial thadlisintegrates in wear (TTS being
created ofunderneaththe surface of the wearing bodid9)S possesses different med&n
properties than bulk material, being hafder 62)and due to significant strain and related strain
hardening, less ducti{g2) If TTS is indeed created by plastic deformatiom,ptioicess also
absorbs energy, which could be relevant, especially in the initial stagelinf, Wieskiewicz
Beakg72)al so proposed the replacement of bul k heé
2.3.) with TTS hardness to make the model better reflect the properties of the anatalial
undergoing weaAs discussed above, TTS is also prone to formation of cracks running roughly
parallel with the surface, which can lead tlpadetachmer{v3; 62)This cracking pattern could

be the result of the TTS formation mechanism or a combination of the TTS formation mechanism

and the extremely fhggained structure created.

2.2.4 Observing wear Hsitu
As wear is a phenomenon taking place between surfaces, observation-situwisgpassible, if at

least one of the wearing bodies is transparent feetheencies of thelectromagnetic radiation
used. Most commonly, visible light is used, whiclrespne of the wearing bodies be made of
optically transparent material; with artificial sapfre49) various glass€gs; 76; 77; 7&nd
polymerg79)being typical choices.

Between 1996 and 2000 a number of publicg@ns81; 82; 83yere made by researchers at
Nanyang Technological University concernisgunmagig of wear through -xay radiography.

In this fashion it is possible to obtain results equivalent to using a transparent counter body, bu
with a metainetal contact. The researchers have demonstrated that the real area of contact can b
observed (but havet attempted to quantify it). Despite an extensive search for other studies, these
were the only works found to describe observation of the wear pregiassnat relying on
optically transparent bodies. They appear to be little known in the wilbgiceboommunity and

are rarely cited.

This lack of further study presents a significant research opportunity. Traditional methods of
tribology mostly provide an insight only into the end state of wear, with the exact progress of weal
and mechanism@fluencing it, being inferreeitrapolated from a large number of different
experiments and mathematical models. On the other haag, nethods enable wear to be
observed directly (as presented in the works cited above), while madgricokputed
tomograplg enables the observation of features down to micrometr¢3g¢a38; 34; 84This

indicates that wear could be observatturand essentially in real time, especially when using a very

bright soure, such as a synchrotron, enabling further understanding of wear to be generated. In

~ 28~



principle, Xray imaging can be paired with oth@ayXmethods, such as diffraction to study-wear
induced changes in material structure and chemical composition. dawthgyment of Xay
methods for studying wear appears to be both possible and valuable as a resEaisthé¢st.
presentattempts made in this directichgptel0, chaptei6 andchaptefr?).

2.2.5 Coefficient of friction in wear
In order to move the contacting surfaces against each other, a force needs to be applied parallel w

the contacting surfacghearing the interfadéne coefficient of friction in wear is tyfliceeported

to increase rapidly in the initial part of the experiment, reaching maximum and then slowly
decreasing to a steadgte value. Consider for example similarities between the works of Mulvihill
et al.(85) HintikkaL e ht o v a ar @6)ahad Rdarson ey @87A

Mulvihill et al. used full and segmented amnonlpéane contacts made of Udimet 720 nickel alloy.

The object was to determine whether the fritt&raviour observed in linear fretting tests was the
product of leading/trailing edge effects or the contact surface itself. The value of the friction
coefficient grows rapidly at the start of the experiments, before falling again, but with only small
differences between full and segmented €agesed).
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Figure 8: Composite of average friction coefficients for all four experiments of Mulvihill et gB5).

Asimilar progression was o0Dbse(86)du usiny a ldernt i k
pressure (10 MPa vs 30 and 70 MPa), different material (EN1-Ba@8liMo6 steel) and
different frequency. The trajectory of the aoaffie nt 6 s devel opment foll o
only weakly dependent on the displacement imgeigadeQ). Pearson et §87)studied the effect

of bulk temperature on fretting Super CMV steel. The coefficient of friction was found to follow

a similar trajectory below 300ACFiguelOt al so t
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Figure 9: Higher and lower limit of the coefficient of Figure 1Q Friction coefficient for Super CMV steel at
friction as a function of displacement and number of different temperatures as a function of total number of
cycles according to Hintikka, Leht oviatingeclea@d. M2 ntyl 2.

(86)
It should be remembered that wear debris is produced as wear progresses. As discussed in m
detail in sectioR.2.8 this leads to a wear debris bed being produced, separating the surfaces. The
high steadgtate friction coefficients observed therefore no longer represent the friction between
the surfaces (indeed, Suh &(88)report that tle friction coefficiendecreasemificantly, after the
experiment is interrupted and the debris bed removed) but some gross resistarteedtect
to relative motion and should therefore be properly called gross friction coefficient offtositact
can also explain the variations of friction with temperature observ@Y¥)bgs elevated
temperatures affect the physical and chemical properties of the debris bed, changing the resistar
to relative motion. Howevehere is currently little understanding as to exactly how properties such
as particle shape, particle size, patigarticle friction and partiele-particle adhesion translate
into macroscopic debris bed behavidhis thesis discusses the measuntenfecoefficient of
friction, its oscillations during the wear cycle and its relation to wear debris bed th3Z&ddion
DEM modelling of the wear debris behaviour is discussed in 8ettion

2.2.6 Effect of atmosphere on wear
Jet engine parts may operate in environments significantly diif@nenthose commonly

encountered. At altitude of 10000 m the atm
ground level; inside the engine a rangpredsures may be encountered, while combustion

consumes oxygen and produces carbon dioxide, water vapour and other compounds, includin
corrosive S@and NOx Systematic studies of wear as a function of atmosphere were published by
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Feng & Rightmirg¢89) Mishima(90) Velkavrh et a39)and Cai et al91) using a range of
materials and contact geometries.

Feng & Rightmiré89)studied wear of an annular contact of SAE 1018 steel in gandialium.

Wear was measured through mass loss. In dry air, an oxidized debris bed appears quickly leading
steady state wear. In carbon dioxide, the transition to steadgkstaimuch longer, with extensive
surfacdo-surface metal transfer. However, the losses of material&pé Bfeater than in dry air.

In helium, material transfer becomes the principal wear mechanism, with material shifting from one

surface to anotherhis leads to extensive surface darkraged€ll), but very little mass loss.

Figure 11 Montage of annular samples of Feng & Rightmire worn in helium a), C{b) and dry air ¢)(89).
Mishima(90) studied six pure elements (Fe, Ti, Co, Ni, Zn, Au) in dry air, pure oxygen and pure
nitrogen at a range of pressures, using@yaisk geometry and assessing wear through mass loss.
When there is a chemical reaction between the wearing material and the atmosphere, the wear re
depends strongly on atmospheressure, reachirgmaximum at some low pressure (see for
exampleérigurel2 Figurel3) and then decreasing significantly with pressure reaching minimum at
atmospheric pressure. On the other hand, if there is no chemical reaction the wear takes place as

high vacuum.
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Figure 12 Wear of Fe and Ti in dry air as a function of

pressure according to Mishima(90) Figure 13 Wear of Fe in oxygen and nitrogen as a

function of pressure according to Mishima(90)
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Velkavrh et a(39)used steel (DIN 100Cr6 steel) ball reciprocating on flat in atmospheres of air,
Ar,NandCQat two temperatures (20AC and 200AC)
Their results are Figurel4

9E-05 |
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5E-05 |
4E-05
3E-05
2E-05
1E-05 |
OE+00

Specific wear rate disc (mm3*Nm)

Air co2 N2 Ar

Gas inertness =

Figure 14 Specific wear rates as a function of atmosphere according to Velkavrh e{(39)
Cai et al(91) used a bhI(AISI 52100 steel) against flat (LZ50 steel), but with the ball
reciprocating torsionally, not longitudinally. Wear took place in the atmosphere of air and dry
nitrogen at a variety of rotational displacements. Wear was assessed by measuring the depth of
the wear scar in the flat body. The authors concluded that wear is always greater in nitrogen than
in air, with the difference between them increasing significantly outside the partial slip regime
(Figurelb).
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Figure 15 Wear in air and nitrogen as a function of angular displacement according to Cai et(atl)
The results presented are highly incongruous. Accord@®@wear ofsteel in C@takes place
similarly as in air, but is more severe, whereas in He there is only material transfer, but no mass

loss. In(39)a CQ atmosphere supressed wear strongly and there was extensive loss of material
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in Ar @n inert gas, like He). Similgi®0)reports that wear of iron is similar in air, oxygen and
nitrogen.(39)on the other hand, reports steel wearing significantly less in nitrogen than in air,

wheeaq91)reports the opposite effect.

Given themconsistenciepursuing a detailed study of experimental effects on wear might seem

to be a productive course of action. However, without a general wear law, linking the
atmosphec effects, properties of the bulk material and the wear debris with the progress of
wear, the observations collected would be just that: independent observations with little
relevance to the general understanding of wear outside the experimentakagswetitidt was

therefore decided to focus experimental efforts onto more fundamental questions of wear.

2.2.7 Effects of temperature on wear
Many jet engine components operate at elevated temperatures, requiring detailed understanding

of their tribological preerties at these temperatures. Study of wear at elevated temperatures has
attracted many researchers over the years, producing a comprehensive body of work.

As material properties of metals (hardness, yield point, creep resistance etc.) generally decrease
with rising temperature it would be intuitively expected that higher temperatures will cause more
severe wear. However, the consensus of the scientific community is that the opposite is the case,
at least when wear takes place in oxidative atmosphierés . eXplained through the following
mechanism: increase in either bulk or flash temperature promotes the generation of oxidized
wear debris; oxidized debris forms a debris bed protecting the surface from further damage; at
high temperatures, the debmstigles sinter together, forming a compacted bed called a glaze,

which offers maximum protecti¢i®)

Pearson et al. demonstraf8d)that wear of Super CMV steel in air (other conditions being

equal) decreases with increasing bulk temperature, despite the softening of the steel. Higher
temperatures alsoleaddo narr ower wear scars. A glaze | a
same material was studied by Hayes and Sli@2yd$eeping other parameters constant, the

bul k temperature was increased from room to
was also affected by the contact geometry; when the contact area was smaller, the wear rate
reduced quicker witlising temperature. This indicates that the glaze formation depends on the
interaction between bulk temperature (which is set by the researchers directly) and the flash
temperature (which depends on the frequency, size of the contact area and a&hdnfalttor
cases studied, glaze | ayer was fully for med
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Jin, Shipway & SuB0)examined wear of 304 stainless steel as a function of bulk temperature
and fretting frequency. Increasing the frequieom 20 to 200 Hz reduced wear, with the effect

being the most pronounced at room bulk temperature. This is explained through the increase in
fretting frequency increasing the frictional energy dissipation, promoting the formation of a
protective debritayer. Increasing the bulk temperature also reduced wear, with wear rate at
275AC being less than 1/10 that at room tem
debris forming more readily at higher temperatures. Coefficients of friction ot mwd

were relatively unaffected.

Rybiak, Fouvry & Bonné®3)studied fretting of Jethete M152 steel against A268 stainless steel

at a number of temperatures, using afidiat contact. They concluded that wear desrease
sharply (by factorof D1 ) a't bul k temperatures above 20/
and high temperature regime, with variations in wear in either regime being minimal in
comparison. Based on this, they designed an experiment where the gaulituiemwas
oscillated between 200AC and 400AC. Change
significantly, with no lortgrm effects being carried from the low to high temperature wear or

vice versa.

Hirsch & Neu(94)studied fretting wear of 301 stainless steel against a 52100 steel counterbody
at room and elevated temperatures and also observed a sudden decrease in wear rate at
approxi mately 200AC. They ascribe tformead trans
in wear. At lower temperatures;d=as formed, whereas a higher temperatug€s Beformed

which offers greater protection against wear. Again, only one frequency was used.

The easiest way to study the effects of flash, not bulk temperataa @to vary the relative

speed of the moving bodies, with higher speeds giving higher flash temperatures. As discussed in
section2.3.1(see eqn®,6) Dr ®a n o, F o u v(40y41)xs well asBaydduh et ale a u
(95)determined that wear decreases with fretting frequency to the power &f.g(@yor -
0.5(40)when in a stable wear regime (i.e. the glaze layer is either absent or fully formed).

2.2.8 Wear debris bed
As explained by Zmitrowi¢2)the characteristic lenggbale of the delsrparticles produced in

wear is small compared to that of the contact, leading to the debris particles being trapped
between surfaces and exposing them to mechanical, thermal and chemical influences. Depending
on the mechanism of their creation and theentes they suffered, debris particles may take a

variety of shapes and sizes Fsgerel6for examples).
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Cutting Wear Contaminants Fibre

Figure 18 Gallery of different wear particles by Raadnuf96)

The resulting layer of wear particles, known as a debris bed, is universally reported to be of great
influence on the wear process. Godet was first to explicitly include the study of wear debris beds
into the study of wear and introduceddh@ mmonl y used (97, 98tondegciiibbé i r d b
material separating the wearing surfaces (wh
The wear debris bed supports (or contributes to the suppoe afrthal loag98)and aids in

the accommodation of relative velo(®9) The usual twbody contact mechanics thus cease

to apply. This is illustrated by the discussion in s@c2idiof reports of many researchers that

wear decreases (possibly to a very significant degree) at elevated temperaturéettingigher
frequencieg18; 30; 12; 93; 8I00) This might appear illogical, given that yield strength,
hardness, creep resistance and other mechanical properties of metals tend to deteriorate with
temperature, but only if the behaviour of debris is not considered. At higher temperatures,
sinter ng of debris particles creates a protect

inhibits wear.

Somewhat similarly, researchers modelling wear report that finite element modet® struggle
predictwearcorrectly if the debris bed layer is taken into account, their explanation being

that the presence of the bed changes the local stress field and therefore local wear rate. See for
examplg101; 102; 103 owever, the connection may be indiresdidcussed in greater detail

in sectior?.3.3.1such simulations use a localized wear law, which needs to be calibrated with an

experiment. As experiments inevitably involve entrapped debris, the global wear coefficient
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obtainedin the experiment cannot simply be applied on a local level in the simulation, unless
debris is also taken into account.

2.3 Wearequationsand numerical modelling of wear
Il n its most basic form, a wear amathandticabn ( al

statement linking wear (expressedhaaceumulated volume, masseither a momentary or
averagevear rate) to conditions under which the wearing contact operates. As discussed earlier
in chapter2, many sch equations were proposed with different ranges of claimed applicability
and containing a large number of variables. By far the most commonly cited wear equation is the
Archardds wear | aw. Due to its promesnence,

limitationsand proposed modificatioissmerited.

231 Archardds wear | aw
Published in 195304)theA r ¢ h lw glvéssa simple formula for quantifying wear vdlume

F.a
h
whereF, isthe normal forcd, the total distance slidthe hardness of the softer material in the

V=—/— & 3

joint andk is a dimensionless constant, frequently also refeasdhe wear coefficient. For a
chosen contact geometry, materials, sliding speed, amplitudecyredck is expected to be
the same, regardless of the variations in valbgs @ndh. According to Archar@04; 10)he

law should apply regardless of the nominal size of the contact.

Ar char dodos lerved uding aspehty @mactdnodels for unidirectional sliding wear,
which raises questions as to its applicabil
(104)is based on the shearing of originally sphericaltiaspttat are deformed and then

sheared by collision with asperities from the opposite surface. However, in cases of fretting, not
al | of the contact surface may be experienci
moving surfaces, the pargshlp-gross slip transition could be taken as the lowest possible limit

to which this law can apply to fretting, as below it, parts of the contact area are not experiencing

relative motion.

Il n practice, extensi ve i ss uobserved.iForKertzidgmand Ar ¢ h ¢
flat-on-flat contacts in reciprocating sliding, several researchers noted that at constant normal
force, the wear accumulated in some constant number of cycles increases roughly with the
square of imposed displacement, whenreast Ar char dods | aw predicts

account of the total distance accumulatéd aycles being proportional to displacement and
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wear being proportional to the total distance). This was observed independently and for a variety
of materialcombinations by Kusner, Poon & Hoepp(E)5) Waterhous¢106) Elleuch &
Fouvry(107; 108)Baydoun et a{95) Dr ®a n o, GuHanneauf4q, 41Saveral non

Archard empirical wear models were proposed, based on the observations cited:

Elleuch and Fouvi§i07)reasoned that variation in displacement causgsoatioreal variation

of debris ejection, promoting wear at larger displacements. They proposed a wear model which
weighs the Archardds wear | aw with a ratio
arbitrary length:

N

D
M; o9 B, . 4Fy D,
|

WhereMwis the total mass of material worn aWaythe normal force in th& tycleD; the
displacement in th& ¢ycle D the average displacement over the course of therexpesind

Drran arbitrary, but fixed length.

Baydoun et a(95)studied wear of 35NCD16 steel contacts in an operniat geometry.
The contact was submitted to a wide range of frequencies, normal forces and displébements

the following equation derived as the best fit for the experimental data:

0.6, 0.3
f

P )
Vi oF Ko — 84NFy D! - 7 5

Per fer Droi
WhereV wiwis the total wear volume,is the wear coefficieqithe nominal contact pressyse,

an arbitrarily chosen reference pres$ule fretting frequency ard an arbitrarily chosen
frequery. It would appear thaie fer and Dres are introduced predominantly to make the

respective variablpd andD dimensionless.

Dr ®an o, Fouvr y4l)atundekd wear ofla cytine@r-@ylander contact of a cobalt

alloy and alumina under a variety of conditions, observing a quadratic dependence of wear on
displacement, but only linear with respediytoFor the case where there is no variation of
displacement, frequency and normal force during the experimeptpposed the following

equation for calculating the volume loss:

E,
Vi ot ¥i n it Kodi® R TFyDN 6
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WhereV inia is thevolume of material worn away in the initial stage of wear, whezathate
deviates from the steashate rateKo.x the wear coefficienE. the activation energy for

oxidation R the gas constant aidulk temperature.

Zhu, Shipway & Su(B1l)report that the wear rate of a cyliroleflat contact is inversely
proportional to the length of the wear scar in the direction of sliding, all other parameters being
the same. This contradicts Archarddés concl us

In annular contacts of tempered stdeh t | k k a Leht ¢36 d@pbaerv&d niv2 nt y |
dependence of wear on normal load, but have determined that wear can be increased
significantly by cutting notches into the annulus. The change in wear incredsegumnthetr

of notches, which is qualitatively consistent with the later observations Shigiuay & Sun

(31)

Several researchers have noted that wear is not simply inversely proportional to hardness.
Studying steels of similhardness, but different microstructures (pearlite, pearlite/ferrite,
globular cementite) Zambrano et(BLO)identified the yield strength, not the hardness as the
property indicating wear resistance. Similarly, Niddi o n ¢ | Bulk baddnessds not a direct
measure of the wear resistance of ferritic
composition, linear relationships exist between bulk hardnessdand Wgaa i¢ids2aand al
Valtonen et al.(64) studied commercial wear resistant steels of different grades and

microstructures and also concluded that hardness is not a sufficient proxy dsrsteaaner.

A comprehensive study effects ohardness on wear in cylindesflat contacts was published
by Lemm et al(29) Steels of five different levels of hardness were used. Results for
homohardness pairs areFigurel?. Contrary to Archardds model

small range and initially increases with increased hardness.
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Figure 17 Wear at constant normal load, frequency and displacemeat a function of hardness according to Lemm et
al. (29)

Wear can also show sensitivity to position: Hiratsuka and Muréiiptor example
demonstrated that A r c h a ritidnobstweeresavere and mild fveéac i e n 1

depend on the orientation of the experimental machine.

2.3.2 Mass balance in wear
The Archardds wear | aw i saftemarpdasperitychascseearadeoff. wi t

The presence and possible influence of debrisdeed€ctioR.2.§ are not considered. In other

wor ds, Ar char dods gfolmdunctioriing of ithe wearingyaordatEbeascounth e

for this Berthier(113)developed the concept of a trdmptal circuit bui | di ng wupon
third body approacirhe circuiincludes the debris bed layer and the flows carrying particles in
and out of itfigurel8).

recirculation flow Q.
reintroduced particles

external flow

external source Q: — internal flow Q
artificial 3/ body — s— - Q. \\
Wear flow Q,,:

internal source Qsl: particles which are
detachment of particles definitely ejected

natural 3™ body from the contact

<+ dx >
Figure 18 Tribological circuit. (114)
Conceptually, the tribological circuit illustrates that wear is more than merely the particle
detachment mechanism: in a steady state, the sum of all the mass flows in the circuit must be
zerq as required by timinciple of mass conservati@hanging parameters which govern one

of the flows must have an influence on other flows as well, otherwise the steady state will not
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reappear, causing the wear debris bed to either completely disappear (not possilelds this
require infinite particle velocity in the contact) or thicken to infinity.

This explains frequent observations that promoting debris ejection leads to an increase in wear.
ForexampleHi nt i kka, L e h({0®)\cared cutthfee ddfAea df gxpetiments:

x 0Stad series: Annul ar samples were frette

x 0Cl ed series: Samples were fretted at t w

13 times to clean the contacfates;

x 6Grod0 series: Radi al notches (or grooves
order to facilitate the ejection of wear debriss @naotes experiments with six notches,
Gro. with twelve.

Results of109)arepresented ifrigure19 andFigure20 The results marked
annuli without <c¢cleaning. The ©6Cl ed sethies ha
the Archardds wear | aw, the wear volume (in
the normal force and should not be affected by the cleaning of the contact (since there is no
6cleaning constantd i n tehedCllaew) ,selrute st hiess twe
rate of wear than those of 06Stad series at b

force had no significant effect on wear.

A 100 . - . : ' . - -
90 | Normal load [N] 110 pg/m ///
S0t 2 3142942515708 s - —
W l5Sta O| @ | @ Cle B —-7101 pg/m
ol w -
=, L& - ]
> OlZcie o |m Py~
g 0 T ot 50 pg/m ]
2 40T =" g o'/o/_‘
< :(; e P 37 pg/m .’_’ ]
2 = o R s e T N e ]
10 —- /SO’:» —S—t; 28 pug/m |
0 , , . . . ]

0 100 200 300 400 500 600 700 800
XSliding [m]

Figure 19 Comparison of fretting in an annularcontact without (Sta) and with (Cle) periodic cleaning of the contact
(109)

Figure20shows wear mass loss with and without notches. The addition of the notches increases

wear (otherdctors being equal), with increase being larger with a larger number of notches.
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Figure 20 Notched samples results. Wear volume as a function of accumulated sliding distance A), average wear
coefficient as a function of notch nmber B). (109)

The same principle is shown in the work of Leheup & PendéliG)yAn annulusn-flat

contact was fretted in air, with the central cavity pressurized to the desired pressi#g, (0.39, 0
0.12 or 0.08 MPa). The total distaglmbwas 1500 m in all cases. Two levels of normal force

(310 N and 110 N) were used. The pressure differential caused a leakage of air through the
contact, which promoted the ejection of wear debris and inaveaseth both 310 and 110 N

cases the application of pressure differential increased wear by approximately a factor of 10. The
nature of the debris was also affedWd:t hout air fl owét he @upds a
and nonreflective.tBenreposed motion is an arc, wear debris must move transverse to the motion ¢
ordertoescaped t he exterior, or into the cupéwher
With an air f 1l oweé n obrigesdapes to the exteribronithe dow directian haed th

cupds worn sur Bal®)e i s reflective and metalli

Similar results are reported by Gordelier & Skffhh6) who studied unidirectidrsdiding wear

of nuclear graphite. The graphite sample was hollow, enabling nitrogen to be blown into the
centre of the contact area. Introduction of the gas has caused a significant increase in wear, with
the increase being roughly proportional to therno gend s overpressur e

atmosphere.
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Thework oftransforming the idea of tribological circuit into an explicit weaakperformed

(at least on a conceptual level) by Fillot, lordanoff & Be(iHi@r 15) By simplifying the
tribological circuit to particle detachment flow, particle ejection flomtantal flow and

writing appropriate mass balance equation, they arrived at a wear law fully taking into account
both particle generation as wvaslparticle ejection:

Qd t=Cy Hmatd t

Q t=CH t °
O H 9
SST_th'Qet

whereQq is debris generation ra€@,debris ejection rat€; generation constart, ejection
constantHmaxmaximum debris bed thickneldsdebris bed thicknesSnominal contact area

a n ddelgis density\hile it seems possibleat debris collected after ejection would have
different density than the oimethe debris bed (since it is not exposembiactpressure)a
single value of density can still be used, since any change happeiaseiy after the moment
of ejection not before itAssumingH(0)=0as a boundary condititime steady state debris bed
thicknesgHs.=H( Disgiven as

Cd 10
Hs t:amHma X
While the debris batkvelopmet isdescribed by
4 Cy+Ce 11

H(t) IE|st al)'e 35

In steady state debris generation and ejection rates are:

Hma « 12

QP)=QP®)=1—7

G G
This wear law comesl ose to satisfying to Meng & Lude
obtaining s uc c Ammsdonieffortswieeodel veear undternessof thedcurrent list of we
mechanisms. These terms only serve to diverge thinking on reabivearppiiogsbes.ttedamng
standing wear mechanisms are still in use; however, there are few alternatives. Develop full de
evolution of macroscopic events on sliding surfaces. This must include a description of the formati

of fragmented particles in the intedé®dJregion. k e Ar char ddés | aw, it ot
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bed, debris ejection and models wear as a series of raatumgjlprocesses rather than merely
the particle detachmgmbcess.

It is of note that expressions very similar in mathematical form have been proposed by other
authors using independent and radically different methods of reasoning. In the study of Warner
et al.(37)an almost identt wear model was derived for the particular case under study (water
lubricated wear of polyethylene against steel) entirely empirically; while Hanief1&8)vani

using analytical reasoning by analogy with an electrical proposed an equation for
development of wear rate with time identical to the expression for particle detachment flow in
the Fillot, lordanoff & Berthier. This gives additional credibilitygentidel.However, Fillot,

lordanoff & Berthier provide lig guidance on how can the paramépgrsim.c and Q. be
determined. Without a way to reliably determine these parameters independently agns.

of limited use as aggtictive tool.

2.3.3 Numerical modelling of wear
With development of computing technologies, many attempts were made to produce numerical

computermodels capable of predicting wear rates and wear scar morphology as well as other
tribological phenomen@19; 120) This may seem to be an incongruous pursuit, since a
numerical simulation requires a comprehensive mathematical formulation of the wear
phenomena, which does not appear to exist at present. On the other handidaiioff &

Berthier(117)developed their wear law with the aid of numerical simulations.

Numerical modelling of wear can use at least thraeapproaches, based on solid continuum

mechanics, fluid continuum mechaaradiscrete elements

2.3.3.1Modelling wear through solid mechanics
This is a very common approach with many variations reported in the literature. Typically, the

work follows the following general pattern:

x Calculation of local stresses and strains in the tcargaaising finite elements (FE) or

some similar numerical method
x  Application of a wear law linking local stresses/strains with mass loss
x  Adjustment of the mesh geometry to reflect the local mass loss calculated

x Repetition of the above
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Wear lawsusedim€ h model s ar e typ(L2d)at dngnergyrwedr aw d 6 s
(mass loss is proportional to the energy expébdedl103)although other possibilities are also
used. Building otine work of Kapoo(122) Elleuch & Fouvry107)developed a model linking

mass loss to total plastic strain. Ghosh, Leonard & SéHgjlised Voronei tessellation to
simulate the crystal grains and postulated that wear occurs throegfanndar cracking and

then simply deleted any grain than has separated from all of its neighbours.

The approach suffers from a significant weakness, namely it neegsippgse a @ar law,

but there are no generally applicable wear laws currently known. As a result, the parameters and
coefficients of the wear law used need to be determined empirically for the exact contact
geometry and material pair that is being simulated, mibanitige simulation can extrapolate

the results beyond the duration of the physicaliegues or be used for testing of different

wear law, but is of limited utiliy for other purposes, until a more generally applicable wear law is

developed

2.3.3.2Modellingwear through fluid mechanics
In this approach, the contact surfaces are modelled as porous surfaces through which fluid

(representing the wear debris) flows, forming a fluid film (debris bed). In steady state, the
ooutfl owd through(eéjhectsiarsofofwddire dcehriac)t |
through the surface (creation of wear debris).

As the fluid flows through the film, a pressure graajigarsvhich is a function of local fluid

velocity, fluid rheological properties and flund filickness. The gradient must be such as to
exactly balance the normal force pushing the surfaces together (otherwise the film must either
increase or decrease in thickness). This permits only certain combinations of fluid flow rate and
fluid film thicknss. In addition, the relative motion of surfaces shears the fluid film, with the
shear force depending on the speed of the sliding, the thickness of the film and the rheological
properties of the fluid. If rheological properties, shear force and nogear®iknown, the

fluid film thickness can be calculated from the shear force relation and then inserted into the
pressure gradient relation, giving the steady state fluid flow rate, which is the steady state wear
rate.

A general mathematical descriptmrafquasiluid powder with relevant boundary conditions is
given by Heshmdii24) Alternatively, Haff125)and Zhou & Khonsar{126)applied kinetic
theory to particuta matter, deriving equations for compacted particle flow. The first case is
relevant where the debris behaves -fluay and its rheological properties have been
determined empirically. The second where the debris is highly uniform in size arid-particle
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particle interaction is known. As a result of difficulties of determining either, this modelling
approach has seen very little use in the wear community, but far more in studies of powder
lubrication(127; 128; 129; 13@yhere powders are produced separately and have repeatable,

wellcharacterized properties.

2.3.3.3Modelling wear using discrete elements
The Discrete Element Method uses discrete particles (or elements) to simulate both continuous

(partides are linked to each other) and discontinuous (particle interact when they contact)
bodies. The ability to simulate the disintegration of solid bodies and flow of particulates makes

this approach weduited for modelling wear.

Fillot, lordanoff & Bertler produced a series of progressively sophisticated models, modelling a
6degradabl e bodyd composed odedhpoadahbl paswi fta
of fixed particles, first in 20L31; 132pnd tha in 3D (117; 15; 133)Particle shape was
assumed to be spherical. Periodic boundary conditions are applied to surfaces perpendicular to
the direction of sliding. As the body slides over the surfaeges@re detached from it,
becoming thirdbody particled-{gure21)

J L
v Iv‘ * ; r
L Degradable
) first body

» Ejected
: particles
Yo
o’ Non- .Q.
degradable Third B
)

- first body body .
} W

Figure 21 The model of Fillot, lordanoff & Berthier (117) Normal force is appled in the dz direction, sliding is
unidirectional in the x direction.

Further exploring the effects of particle cohesion on wear on a conceptaB3giélot,

lordanoff & Berthier reached the conclusion that particlesiooh@romotes both debris
creation and debris entrapment. Where geometry of the contact also promotes debris
entrapment, increased particle cohesion has aeteeding effect and the reverse, whereas
geometry favours debris ejection. In either casautiers did not attempt to simulate a real
material and used particle bond and interaction parameters that were arbitrary or computationally

convenient.
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DEM is also applicable to migtiase materials; see for example the work of Champagne,
Renouf & Berthlar (134)who present a 2D simulation of solid-phase material and study the

effect of normal force and particle interaction on wear and surface damagda3)ikey

conclude that incraag adhesion between debris particles increases debris creation and leads to
thicker debris beds, but do not comment on ejection effects, since the boundary conditions of

the simulation prohibited ejection of wear debris.

Using spheres to simulate thed firsd third bodies may appear to be an excessive simplification
given the irregular shape and size of both crystal grains in metals as well as wear debris particles.
Mollon (135)produced a DEM model simulating wear of polydliyst material with realistic

grain shape, but did not introduce realistic particle bond or interaction laws in it.

Can DEM be used to model a practical wear case? If the-fuapi#ckicle bond parameters are
chosen correctly, the bulk response obtreed assembly might be made similar to that of a
real material. Similarly, if the pariotparticle interaction model is chosen correctly, the
behaviour of loose particles can be made similar to real debris. In this fashion it should be
possible toimulate a redife wear case. The greatest practical limitation appears to be the
incorporation of plasticity into the model; having been used primarily for studies of brittle
minerals and granular material transport, there has been relativelydrtthke iresemulating

bulk ductile behaviour using DEM.

An attempt in the direction of realistic simulation of wear by means of DEM was made by Li et
al. (136)who simulated wear in a roller bearing. In order to determine tmetpssaof the

particle interaction models, a uniaxial compression of a block of bonded particles was simulated
and the parameters adjusted wuntil the si mul
and yield point corresponded to the real matergalastion. The finite element method was

used to calculate the local stresses in the bearing and these then applied to a 2D DEM model to
study wear on a local scale. Phan €t3)studied abrasive resistance of oxide layensg

on highspeed steel rollers in rolling mills. In preliminary simulations they simulated micro
tensile and indentation tests in order to obtain particle bond parameters that gave bulk material
response similar to real oxide. This information wasisieel to simulate scratch tests on oxides

in 3D. For additional discussion on techniques for obtaining realistic bulk material response in
DEM see A(@8)ChenegSchot & LodewijK439)and Jerier & Molina(iL40) In

this work some DEM modelling was used to study the behaviour of thick wear beds. This is

presented in secti@4
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2.4 Literature survey - Outcomes
Wear has been a subjefctontinuous scientific interest for several decades with a large volume

of literature published. However, there is a general lack of congruence with no single metric or
method for assessing wear, nor a generally applicable wear law. A number oflatiear simu
techniques exist, but practical industrial application remains challenging, since the wear laws used

require empirical 6tuningdéd to each particul a

In some cases, it appears impossible to extract any solid conclusionsafraitalihe research,
consider for example the discussion about the influence of atmosphere on wear2r2sgction
(refs (89; 90; 39; 9lwhere there is little common gnd between the authow. similar

conclusion is voiced §41)

Archardds wear | aw remains both widely dis
community, despite a general agreement that there exist many morealf@ctibigsvear than

merely three and despite evidence that variations of those three variables (hardness, normal force
and displacement) give responses different than those predicted by thg2awl(<Eelll;

112)for effects of hardnes®6; 109jor effect of normal load105; 107; 95; 4@)r effect of

displacement).

Ulti mately, Aaccounta only fosthevereation (oF mone accurately, one of the
possible ways of creation) of debris particles. For a complete description of wear, events taking
place after debris creation need to be considered as well. Empirically, the importance of wear

debris behaviour is demonstrated by a number of observations:

x formation of protective glazes at higher temperatures which significantly decrease wear

(seg(92; 30)
x decrease or even total suppression of wear thpoergimtion debris ejecti¢lb)

X increase in wear rate through stimulation of debris ejection, for example by cleaning
(109) changes in contact geoméi§9; 18pr an intracontact flow of some medium
(115)

A practical wear law needs to account for these obser@atioosptually, the intezlation of

particle detachment, debris bed formation and particle ejections is refrgsbateological

circuit introduced by Berthi¢t13) By applying DEM simulation to the tribological circuit
Fillot, lordanoff & Berthier developed a set of equations describing wear in terms of mass
balance(117)and successfully tested it empiriqdls) Apparently unbeknownst to either
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research group, a similar expression has also been formulated independently by Warner et al.
(37) Unfortunately, no method for determining the parantbigvgear lawequires is currently

known, apart from measuring them empirically on apm®asebasis If a method for
determining these parameters independently were to be developedyulbweavéaiv could be

obtained, as it would take into account wear particle generation, entrapment and ejection.

Many attempts at modelling wear have been made and published, most commonly coupling the
finite element method with an assumed wear law, lthkingcal stress/strain state with the
amount of material lost. As there are no generally applicable laws of wear, the wear law chosen
needs to be experimentally calibrated to suit the geometry, material and other conditions being
simulated, with the simation thusmostly extrapolatingxperimentaheasurements to different
durations of wealtn the absence of a widely applicable wear law, this method does not appear

to be useful for predicting wear and degradation of parts in an industrial context.

Seveal authors have tried simulating wear in contact of solids using discrete element simulation.
This method automatically takes into account the creation of debris particles and their
entrapment between the surfaces. By its nature it does not requirelefiygurevear law to be
applied, but it does require paritolparticle bond and partidieparticle interaction models

that give realistic responses. Attempts in this direction have already been (i86e 18&¢

for realistic first body properti€$35)for realistic first body structure and wear particle shape).

Further research in this direction appears to be promising.

2.4.1 Lessons and opportunities
The information from the previouscsions informed the development of research presented in

this work. At present, a large portion of publications dealing with dry wear concentrate either on
application of various solid mechanics models to the wearing contact or on performing
experimentsot study wear of a particular material combination using a small range of contact

geometries or a single contact geometry.

Treating wear as a twody contact problem appears to be reaching its limits as a
research/modelling approach, since the resultharenly significantly sensitive to the
approximations used (see for examples the inclusion of surface roughness and effects of
plasticity(26) as well as discussion (i®2) which shows that in gal slip, wear cannot
continue indefinitely without the wear bodies deforming plastically), but the very core of the
approach may be insufficient to tackle the problem. No methods through which local stress
fields could be reliably translated into weab&en discovered. A number of authors argue that

the behaviour of the debris bed needs to be accounted for, not merely as a cohesive third body
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(as done by(101; 102; 108hut as a quaBuid entity, whosproperties and flow depend on an

array of variables, beside the local stress field. The model proposed by Fillot, lordanoff &
Berthier(117)treats wear as a pair of mutually opposed processes of debris generation and
ejection, which are coupled through their dependence on the debris bed. This is a conceptually
strong model, but implied in it is the importance of both local and global conditions: the
detachment of an individual particle is the result of the local cofchiticsion with another
particle/asperity with a sufficient force and in appropriate direction), but the mumthber
outcomeof such events are influenced by global conditions, such as debris ejection being
physically prevented at the edge of the comamther words, points in the wearing region can
0feel 6 the effects of changes occurring far

On the other hand, the eviacreasing body of experimental results has failed to produce any
universal or even widealpplicable model of wearhil¢ empirical models can be successfully

fitted to results of a specific experiment or experimental series, none have been found that would
have a wider applicability without extensi Vve
of certain \ear parameters appear to be established with a degree of reliability: in metals, wear
decreases with bulk temperature and rising frequency (se@itiasd 2.2.8, increasing

hardness also contrtbs to wear resistance, but the effects are not linear and depend
significantly on the microstructure, not merely on the value of hardnessA&:gtidinere is

evidence that reducing the grain size and coefficient of lte@paasion also function as a
wearreducing mechanisn{&43; 63; 51)However, reliable quantitative predictions remain

elusive, for the time being.

In the light of this, the primary objective of this work iwemulated as an attempt to develop a

more widely applicable macroscopic model of weagrofie taking into account contact
geometry, normaforces, amplitudes, material properties etc.) based on the concept of
tribological circuit of Berthi€l13) since this approach accounts for behaviour of the debris
wear bed. The model of Fillot, lordanoff & Bertfildi7; 15vas take as a starting point, since

it is stated in general texnstrong conceptually and was (as of 2018) mostly untested in practice.
This law however is only a global wear law and can only be used (at least in its present state) for
predicting the total quantity of wear, but not for predicting the shape of thecave#s of

2018 it was unclear how and if parameters of this law could be reliably predicted without
recourse to tedious measurements. Also, the original authors provided no pathway for expanding

this law to other geometries.
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Thework presenteavas egerimentallgriven, but the experiments were not designed to study
wear of a particular material in a particular geometry and under such and such set of conditions,
but to study weaas wegathe focus being less on how much wear there was, more atéss pr

that created the output. As a result, the materials studied were chosen with respect to their
convenience of use, rather than as examples of retlcieamaterials.

2.4.2 Use of Annular Contacts
Annular contacts were chosen as the preferred contemetge Annular contacts have

appeared sporadically in literature for decadg89sd®9; 25; §2hut remain relatively rarely

used. However, fonanypurposs of this work, they were idedlie ® a number of properties:
x Contact pressure and contact area

In a balon-flat or cylindepn-flat contact thénitial distribution of contact pressure and the size

of the contact area are given by Hemdesds ane
their elastic properties and the normal force. This makes it difficult to separate the influences of
individual variables. If the normal load is changed, the contact pressure distribution changes (at
least in its magnitude, if not its form) andctiv@act size will change too. If different materials

are tested, it may prove impossible to have the same contact area and pressure distribution in all
cases due to the interplay of properties. In an annular contact, the size of the contact area is
indepedent of normal load, known in advance and does not change significantly with wear
(excluding possible plastic deformation of samp#sing little/no change in nominal contact
pressure. In an annular contact, area, pressdirmaterial thus become ipeledent factors

varied by the experimentalist as desired.
x Lack of leading or trailing edges

Edges of the contact act as stress concentrators, capable of causing significant increases in local
stress, raising the question to what extent are the obsemetiemeanena the result of such

edge effectdn a properly alignezbntact of two identicahnui, both the inner and outer edge

are common, meaning that there is no stress concentration at the edges. Since the common
edgesun parallel to the directioh movement, no part of the surface will cross an edge during

wear.
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x  Simplified dimensional relations

The length of the annular contact in the direction of sliding is infinite. Dividing any contact
dimension (annulus width, average patrticle size, ingisgledtement etc.) by contact length
thus always gives zero. Tignificantly decreases the number of geometrical relations applying
to the contactParticle sizeannulus widthdisplacementgrain size and surface roughness
parameter remain as thagh scalemost likely to influence wear.

x  Simplified simulation and analysis

The annular contact is relatively easy to analyse/simulate. Heat transfer can be treated as
straightforward 1D conduction through a homogenous wall from the contact surface (heat
source) to the sample mount (heat sink). In contrast, Hertzian contacts require significantly more
complex models, generally taking into account the contact size anddbpdidence of both

location and magnitude of the heat source (see for exa@)ple

An annular contact can be easily approximated by two blocks with periodic boundary conditions
applied to the surfaces perpendicular to the direction of the sliding, making any CFD, DEM or
other types of simulation relativstyaightforward. For the same reasdullaannuluson-

annulus contact is a good physical representation of the idealized model of Fillot, lordanoff &
Berthien(117; 15; 133)naking it ideal for testiagd expanding this particular model.

The benefits mentioned above do come at a price, holmesarannular contact there will

always exist a radial gradient of sliding displacement (and as a result also sliding speed). This is
minimized by increasingetadius of the annulus, but this results in relatively large samples
Larger samples require more material to make (which could result in significant costs in some
cases), larger sample masses lower the resolution of mass loss measurements agel finally, la
annuli have relatively large surface areas, requiring large normal forces to reach representative
surface pressureBhis in turn requires sufficiently powerful and helawily wear machines

which might not be easily accessilother significantissue with annular contacts is the
guestion of alignment. Angular misalignment will cause an uneven disibetotact

pressure around the circumference, axial misalignment will cause an edge (and associated stres:
concentration) to appear. Speciatputions need to be taken when designing experimental rigs

and machining the samples to minimize these effects.

~ 51~



2.4.3 X-ray imaging in tribology
Noting the earlier successes afa)X imaging in tribology, attempts were made to create a

technique for situ imaging of wear through-rdys, which could open a path to practical
means for direct observation of wear in (pseudtjneal This could enable a greater insight

into the initiation and progress of the wear process, as well as the ability to monitor the
condition of the contact without disassembly, which could have practical industrial uses.
Experimental results presented in chaptarglO show that wear can be imaged uskngyX

without dismanthig the contact, indicating that truesita imaging is possible with the right
equipment. Xay methods enaltlee progress of wear to be viewed from unworn to completely
worn conditions, theornsurface profiketo be visualized and quantifiasl welbs theeal area

of contact and contagiorosity to beestimated This approach also enables the detailed
observation of the wear debris bed.-R®al observations of wear and debris ejection were not
attempted due to technical limitations, but appebe tpossible, at least if using only 2D
radiography and a sufficiently powerfub)X sourceSome estimation of the thickness of the
weardeformed region in the material of the wearing bodies is also possible thraygh X

diffraction.
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3 M ETHODOLOGY
During the course of this project, 8 main parts of experimental work were peidorthed

purpose of providing data needed to formulate an improved model oMastaof the
experimental equipment used was developed specifically for the task at hanafactdrathn

within the department workshop#e first part of this chaptedescribes the general thrust of

the modelling work performetdhe second parbf this chapter presents the detailstiod
mechanical design and practicalofighe experimental eganent usedAs such, it functions

primarily as a repository of engineering and experimental design details and might be less of an
interest to a reader interested primarily in questions of tribological science. Chapters discussing
the results of the expmiental work make references to the relevant sectibtretraidolpgyp

that the reader may find the details relating to individual experiment, if and when desired.

3.1 How to approach the development of a new wear model?
As discussed in sectidri, upon reviewing several thousand wear models Meng and (&)dema

concluded that the models published do not enable reliable prediction of wear and that the
models published cannot all be adfreince they are not based on some common principle or
theory of wear. In particular, they suggested that if a truly general law of wear is to be produced,
i témuost include a description of triace regomr mat i
This is consistent with the third body approach proposed by G8dd#d) However, at the

time of writing there is no generalized model of wear available. As discussed 2n3sgdtion

the majority of computer wear model |l ing 1is
Since the wear constant in such models cannot be predicted in advance, the usability of such
models is severely limited; in addition, wearrdees al ways conform to A

(41; 40; 95; 86; 1a:d it is not fully clear why, how or when do these deviations occur.

While a very large number of empirical wear modeldéenepublished, these do not give

much opportunity for extrapolating results across geometries and material combinations. The
most effective method for predicting wear of a component in service remains-dhe use
approximations of remlorld contact$144; 145; 146; 147This however, is resources intensive

and does not directly lead to understanding the physical principles of wear, understanding

without which computer modelling of wear is not feasible

How can a generali zed wadescripioaofthe fermmgtion and enbvement c
of fragmented pajticldlse devel oped? A strong attempt I n
lordanoff and Berthier (denoted FI&B in the continuatorbfevity) between 2003 and 2007

(131; 132; 117; 15; 133¥ing the discrete element method, first in two dimensions and then in
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three, they studied wear of perfectly brittle mageriaassociated formation and behaviour of

wear debris beds. From their numerical experiments, they obtained a mathematical description of
wear. Unfortunately, the original authors did not continue their work significantly past the stage
of their publicabns in 2007148)

The modelling strategy in this wéokuses on exploring the applicability and practicality of
using theapproactof Fillot, lordanoff & Berthieto generate modelcapable of predictiripe

amount of matgal removed in wear. For this purpose, three preliminary goals were set:

x  Exploring the mathematical implications of the FI&B model to determine, whether its
predictions are consistent with the experimental data available and whether some
additional undetanding of wear could be obtained througbeié section$.3.2.2and
8.1 as well as discussiomif). Experiments aimed at measuring the development of
wear rate antksting dependence of wear on normal force were carried out to provide

data for mathematical analysis.

x Testing an assumption stateqlih7)about effects of geometrp debris entrapment
and generally tryirig improvethe understanding of forces and mechanisms responsible
for the values of constants in the FI&B model (see sedtids24.2.3 4.3.2.4
Experiments aimed at measunmgar as a function of geometry and measuring the

properties of the debris bed were conducted to generate relevant data.

x Expanding the approach to different contact geometries. FI&B only studied wear in one
geometry, but proposedwsearmodel stated in wergeneral ters If this model is
indeed a general model of wéaare should exist a way for stating the three constants
of the FI&B model as a function of any geometry, thus predicting wear in contact of any
shape. As a staniyork focused on open flat-flat contacs. After experimental
observations helped to refine assumptions about the direction of debris ejection (see
sectiorB.2.2 the derivation of FI&B was retraced with new assumptions, specific to this
contact geomettp obtain a functioning wear model (sedién

3.2 Main wearrigs
This section deals with two separate wear rigs that were used for the majority of experimental

wear work in this ©proj ec ttothelsample iwiders, moamirtge x t |,
brackets and other parts that holdwiear sample. The wear rig is operated by a loading frame,
which applies compression and torsion, as required for the experimantannular contact

The first rig was inherited fromme research work of Z. Claifk49)and was designed to be
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operated by the ZwidRoell Z100 loading frame. The second rig was originally designed to be
used withan Instron loading frame, which offers (in principle) supesata sampling and

storage capability, as well as the ability to utilize external position sensors. However, a series of
practical issues demanded a return to the use ofReetdloading frame, which necessitated
modifications to the desigBoth rigs usgtannular samples as their unique properties (discussed

in sectior?.4.2 make the uniquely useful for experimental studies of wear.

3.2.1 First wear rig
The first rig Figure22) was designéd utilize an annular sample with an internal diameter of 66

mm and external diameter of 70 rB@ing readily available, it was used in the initial part of the
experimental worlOne of the issues with using the annular contact is the question of contact
dignment; if the contacting surfaces are not parallel, the contact pressure will vary around the
circumference of the sample, with local plastic deformation being possible in extreme cases. A
special mechanism to avert this was incorporated into the tlékaypeas the top sample
element was simply mounted on a large steel brackethengns for positioning and three

bolts for holding the sample in place) the bottom sample element was mounted on a wobble
plate, which rested on a steel bearing badl.céntre of the ball lies on the plane of worn
contact. As the sample elements are pressed together, the bottom sample can pivot around the
ball to make the wearing surfaces parallel.

R s
Top bracket
Topsample
«— clement

E4 F W%J‘\ Bottom sample

element
Wobble plate

/ A

Figure 22 Crosssection through thefirst wearrig.

The torque is transmitted from the bottom mounting bracket toablelavplate by a set of

three steel pins, riding in oblong holes.
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Figure 23 First wear rig: wobble plate, pins and disk
spring visible Figure 24 Wear sample mounted on the first weargi

During the ge of the rig, it was discovered that the normal force oscillates (on occasions quite
violently) during the progress of the experiment. These oscillations were found to decrease, if the
pins were greased and a setisi springs inserted between the weljdate and the bottom
bracketigure23).

The wear rig is operated by the ZviRdell Z100 loading frame, which applies compression and
torsion as demanded by the test sequence. The loading frame enables compressivedoads of up t
100 kN and torques of up to 1000 Nm to be appliednal force is applied by means of a pair

of electricalidriven leadscrew§he load frame also measures the applied compressive force,
the applied torque, angular and axial position of the sample ttaig required to produce

wear loops or calculate the steady state weaWahtes are recorded to six platisder

uni axial compression, the accuracy of nor mal

3.2.2 New sampla@esignand wear measurements
As discusskin section2.2.1 there exist several different metrics for assessing wear which in

turn can be measured in different ways. The most common options are measuring the mass loss
through weighing the wear samples on precisies scal calculating the volume displacement
through comparing the prand posiwear surface profilelhe properties of these two
approaches are summarizedrable 1. Many different variations for measuring pofdee

reported in the literatuf@8; 31; 32; 34pnging from technologically simple such as tactile
profilometry to highly advanced likeséu X-ray CT tomography.
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Operation Weighing of wear sarples  Profilometry

Preparation of sample Comparable
(brushing, w.
Measuring procedure Simple Intermediate to complex
Measuring time Very short (s to min) Intermediate to very lor
(min to h)
Data processing time Instantaneous Intermediate to long
Data processing Very low Intermediate
complexity
Issues Mass loss is small compa Potentially labour and tin
to sample mas¥ possible intensive. Volum
resolution issues displacement does not alw.
match the mass loss.
Additional information None Substantial  (line  surfa
gained profiles, pre and postvear
roughness)

Table 1 Comparison of weighing and profilometry as a wear measuring tool.

In this studyprofilometry wasnitially chosento measure wear, since it wasnasdthat the

mass losses from wear were too small compared to the mass of the sample (approx. 250 g for the
bottom and 320 g for the top sample element) to be measurable by .vilgighings proven
incorrect, but the resolution of tiveight scalesvailéle was only 0.01 g at such high masses.

For profilometry, the Alicona InfiniteFocus optical profilometer (Alicona, Austria) was chosen
as it is highly adaptable to different surface contours and the measurement of 3D profiles over
large areas. Twovidea fixed referencgurface for volume displacement calculatosisoulder

was added to the bottom wear sanptpu(e25. The surface of the shoulder is not affected by
wear and thus forsra reference planthe wlume between the contacting surface and the
reference plane can be calculated from the 3D profilgigaigthe volumechange caused by
wear.Both the top and bottom sample have an and@luamtall and originally 2 mm wide.

The sample elements weosipjoned usin@ 6 mm H7 locating pin holes dided using M6

bolts
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Figure 25 Drawing of the improvedbottom sample element

The preliminary work was performed using samples with a 2 mm wide annulus, which were
made from EN1/Asteel. For experiments with different annulus widths (results publidjed in

two more sample geometries were designed, both having an internal diameter of 66 mm and
external diameters of 68 and 74 mm, giving a &naith mm wide annulus respectively

3.2.2.1Wear measurements through profilometry
Unlike a cylindeon-flat oraballon-flat contact wear geomgtwhere the wear scar is relatively

small and cabe easily examined its entirety, the surface of the annulatacbns very large,

making profilometric assessment of the entire contact surface a challenge. As result it was
decided to limit profilometry to a relatively small section of the surface and extrapolate the
results. This required a method of positionireg dlample on the profilometer with great
repeatability, to ensure that the same surface was examined before and after wear. For this
purpose an octagonal mounting jig was made, enabling the bottom sample element to be
accurately positioned with regardhi AliconaKigure26), by sliding the jig against a pair of
brass rails on the sample table, which for me
orthogonal sides tmate with the rails, which in turmied the possible number of scans to
multiples of 4, with 8 scans per sample being chosen as the best compromise between the
quantity of data and the speed of data acquisition. Before and after wear, the bottom sample

element was thus scanned in eigheplabtaining 8 3D profile patches.
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Each patch was divided into a reference surface and wear surf&igupst)( The profile

data from reference surface is used to create an idealized reference plamgeTinevolume

between the wear surface and reference plane is the volume of material displaced by wear. The 8
values obtained are averaged and then extrapolated to the entire sample to obtain the wear
volume. Depending on the settings, the scanninghopatat took between 20 to 60 minutes.

Alicona objective path

S
1
s
1
S
I

cs

1

1
£
-

_________

i
| ! Reference surface

Figure 27. Diagram of a patch being scanned. The
Alicona objective moves radially (blue dashed line)
scanning the reference suafce and the wear surface
(solid line for prewearshape dashed black for post
wear shape). From the scan, two regions, marked with
dashed red lines are isolated. The grey area represents
the measured volume displaced. Some of it has been
detached, the remainder forms burrs.

Figure 26 Sample beingscanned
During the progress of experimental work, it was discovered that the mass loss caused by wear

can be established through weighing with adequate accurdhg @ssmission in section

4.2.2.). With this, itwas also revealed that the mass of material corresponding to the volume
change measured is often significantly larger than the mass loss measured. To test the possible
cause of this, one of the samples was weighed and then carefully machined to remove any
burring formed during the wear, before being weighed again. The difference in mass
corresponded to the difference between the mass of the material displaced according to the
Alicona and the mass lost in wear. This demonstrates that some of the mmeates@dfrem its

original position still remains attached to the sample, but elsewhere.

3.2.2.2Surface profiles and roughness metrics
The Alicona optical profilometer can of course be used in a more traditional cagmsa®Bst0

the worn surfacexture The Alicoma software enables the user to extract surface profiles in any
orientation relative to the 3D dataset collected.

The raw (unprocessed) surface profile is @plfedary surface profder alsooformd as it is
the actual exterior shape of the objectielutts shape is the combination of two factors,

commonly namedaviness (deviations of surface fideal formthat have a relatively long
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wavelength) and roughness (deviatstisshorter wavelength). Depending on which factor is

of interest, the prinma profile is filtered to remove the unwanted comportemtshis purpose,

a Gaussian filter and a specificofittength are usedwith waviness having larger and
roughness smaller wavelengths than theffcdtlicona software will automatically set ¢ut

off length to the value recommended by ISO 4288 standard, depending on the length of the
profile being studie@d50) In this study the cedff | engt h was 80 Om for p
to 1.25 mm in length (as found in 1 mm wide annuli discussed in ge2tibhd.2.2.35.4.3

and 250 Om for profiles measicalfomhgp2and4mm 4 mi
wide annuli studied).

In machine practice, roughness is usually of greater interest, since it relates to surface finish,
while waviness is typically small aghtlyi controlled.In tribology, matters are more
complicated. While the rubbing components are usually machined to a good finish hefore wear
the worn surface might beavily damageBxamination of worn surfac@s samples worn for

this thesis showed tharimary profile deviations were of the same order of magnitude than the
largest debris particles. It therefore seemed appropriate to fesasnomation ofhe primary
(unfiltered)profiles.

To assess how flat (or nfiat) a surface profile, 8 numler of standardorofile metris exist

Whilethe equation usefibr an individual metric itke same, the @aning of the metric changes
depending on if and how the primary profile has been processed: use of the primary profile gives
primary profile roughnessetricsthe use of high pass filtered profile roughmetscs Each

profile is evaluated with respect to the mieanwhich represents the perfectly smooth shape of

the surface. Methods for calulcating the mean line are given in standard 1SO 4287.
Threeof the most common profile metrics are:

x  Arithmetical mean deviatiohthe profile(denoted Ra) is calculated as the avereae

of the absolute deviat®of the profilefrom its mean line

x Root mean square deviation of the pr@diémoted Rq) isatculated as root mean square

of the deviationom the profileand its mean line

x  Averageheight of the profile (denoted)Rg calculated as thethmeticmeanof the
absolute values dleviation from thenean linefor the five highestand five lowest
points of theprofile
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In this thesis, the terdoughness i s generally used to denote
stated otherwise.

3.2.2.30n-line measurement of wear
Profilometry can only reveal the total amount of wear (as volume displaced), after the

completionof wear. However, wear can also be monitonesl time by observing the relative

position of the wear sample elemeértss is of particular importance for establishing the wear

rate and its change(s) during the experimentmBdsim obsemtions can only give the

average wear rafehis is insufficient, since the wear mddslwork focuses opredicteda

specific development of the wear rate, whicheddgedbe confirmed or infirmed thorugh
experimentdn this work, the vertical positi of the sample elements was monitored using the
sensors on the loading frareaabling plots of vertical position against time (typical example in
Figure28 to be produced. Since the worn surfaces are rougkeytibal position oscillates as

the loading frame is adjusting the position of the element to ensure constant normal force. In
most cases, the lowest points are reached at the end of the wear stroke, making the frequency of
the oscillation equal to theduency of the reciprocating motion. A low pass filter was applied

to remove this oscillation (see the breakdtigime28). Full normal load is applied at the start

of the experiment, and the wear motion stagpeiimt A. Wear reaches steathte in point B

and the experiment ends with point C. The difference in vertical position between points A and

C multiplied with the nominal contact area (which in an annular contact does not change with
wear) gives the amdunsf material detached from the first bodies during the course of wear.
From the same data set, the ststatg wear rate can be determined, by fittingar trend line

to the oO0filtered positiond dat as mdreplesechtsveen |
the rate at which the sample is thinning; multiplying with the nominal contact area gives the

steadystate wear rate.
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Figure 28: Axial position of the bottom sample as a function of timeThe breakout view shows 1kteadstate wear
cycles in greater detail.

3.2.3 Tubular sampleand sample holder
As the work with the first rig continuedyeral issues became apparent. Namely, the use of the

Alicona was extremely tioensuming @ h of scanning per sample, wit?2 b d data
processing in Excel), the higd significant backlash on account of clearances between the pins
and the slots, while the samples used were complicated and therefore expensive and slow to
produce. If any significant number of experiments was tadee ensimpler sampled a more
time-efficient experimental approacas needed.

It was apparent that switching to measuring wear by weighing would give significant times
savingsHowever, this creates clicting requirements for sample design, sineesdmple

would need to as light as possible (to maximise resolution of weighing) but also as large as
possible (to minimize radial gradierftbese diverging requriements were satisfied with by
designing a tubular sample, measuring 80 mm in internaédi8henm in external diameter

and 20 mm in heighFigure29. Significant weight savings were made, with an aluminium
tubular sample weighing only about 10% of the old steel samples. This shape can also be
relatvely easily machined out of commercially available bar/tube stock, expediting manufacture
and reducing costs
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Figure 29 Tubular sample
Having no mounting or fixing holes of any kiheé, tubular sample requires a special sample
holder, which is made of high strength steel. The sAtm@eound the central arbor with a
H7/j6 fit (Figure30), which ensures good repeatability in positioning of the sample.
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Figure 30 Tubular sampleholder.
The sample is held in place using 6 chucking bligkse@1-Figure33. When installed, the
blocks together act as a collet, exerting presatoeti® sample in the radial direction,

preventing the sample from rotating around the &tach block is shaped as a segment of a

ring, with the outer edge tilted 20A HFrom
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bolts grade 12.9. As thater side of the block agledtheaxial push of the bolts is translated
into aradial push, pressing on the outer side of the sample.
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Figure 31 Sample element in the sample holder with thehucking block.

Figure 32 The threaded hole is used to facilitate the
removal of the block aftelexperiment

Figure 33 Samplemounted on the sample holder,
showing the chucking block.

To protect the sample holder and chucks fromosion, these pieces were blued, by heating
them in an oven to 34D. To further enhance the protection, the sample holders were then
rubbed with linseed oil and left to cure for 2 weésdken mounting the sample, the bolts
holding the chucking blocks &ightened with a torque wrench to torque of 6 Nm.
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According tq151)the forceFsexerted by each screw can be calculated as:

M
Fe > 13

t a3 %+qb%“

Thenominalvalues of relevaparameteraregiven inTable2:

Tightening torque M 6000 Nmm
Pitch diameter o 4.48® mm
Helix angle a 3253
Effective friction angle 30 10. 5A
Bolt-washer friction G 0.1
coefficient

Median bolt head diameter d, 6.75

Table 2: Nominal thread dimensionsfor the normal M5 metricthread according to ISO 724:1993

The value of is thus 6.8 kNA special bolting sequence was developed for installation of
chucks Figure34) to ensure repeatabilifyirstly, achucking block is placed into one out of the
twelve possible positions around the circumferditice sample and tightened. A second block

is placed opposite it and tightened. The third is then placed to either left or right of the first
block and the fourth block opposite the third block.

Figure 34 Bolting sequence othe chucks.

Using a straightforward balance of forgegure 35 andassunng that the coefficient of
friction o between the chuc tevalge ofrddidbocdFz a n d

can be calculated20.2 kN per chucking block.
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Figure 35 Forces acting on thechucking block.

3.2.4 Secondvear rig
The new sample holder was designed in conjunction with the new wear rig. The primary

objective of its design was to replace thenghslot mechanism from the first rig with an
alternative that did not suffer from significant backlash and would not slowly wear in service, as
the pins were found to be doirReducing the backlash was of vital importance as backlash
would interfere witlplotting the wear loops thus making calcultions of effective displacement
more complicated (see discussion in se8iBrSince it was desirable to keep the wobbling
action (to reduce/eliminate angular misalignment of the Ispnap mechanism capable of
transmitting torque (up to 1000 Nm) but maintaining a degree of angular compliance was
neededThese features are satisfied by a bellows coupling. CouplihfOBKtiade by R+W
(152)was obtained artle wear rig designed around it. The dimensions were suitably increased,
since the larger sample diameters called for the use of higher compressive forces. As before, a
wobble platandball arrangement was used.

Initially, the new wear rig was intenaebe used with an Instron 8854 loading frame located in
Begbroke Science Park. It was hoped that this frame will provide a more precise control over the
axial force and allow for a higher data sampling frequency and data storage memory. The loading
frames equi pped with hydraulic collets designe
wear rig was thus designed in two parts: at the top a simple turned Figack8&6) is used

which fits into the Instronys, to which the top sample holder is bolted; at the bottom a central

post is used to transmit the axial force, with the bellows coupling sitting around it and the

wobble plate carrying the bottom sample holder. To encsiasef between the ball ande
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socket on top of the post, the socket was manually polished using a spare ball and valve lapping
compound. The crosection of the new rigshownin Figure37.
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Figure 37: Crosssection of the new sample rig

Figure 36 Bracket fa the top sample holder Instron Instron loading frame compatible

loading frame compatible
Three elements of the design require special examination with respect to stregsgsnocc

service.

The central post is expected to carfgrgeaxial force, bubeingrelatively slendepossible
bucklingneeds to be consideréithepost has a crosgctionA=314,16 mrf) second moment

~

of ared=7854 mmand least radius of gyratien5 mm. The sl enderness k i

. 2al 5mdm
7 8 Bn4h

314mi6
Accordingtq151f or k<105 t he f oglehuationisitgbeased:t i cal str

14

DZ3 3%. 62KV R 15
Using a safety factor of 2 (this is not a safety critical part), the maximum permissible compressive
force is 46.6 kN which is above the maximum compressive forces used in this work (maximum

force tried was 30 kN, largeséd in experiments was 22 kN).
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Secondly, the wobble plate experiences tensional stress as the sample holder is pushed
downwards, while the socket presses against the ball. This tensional load is namiedl iy a

having an internal diameter of 24 @mnd external diameter of 40 mm, giving a total-cross
section of 8042 mMn Assuming the maximum permissible
yield point being approx. 550 MPa) the maximum permissible compressive load from the wobble

plate perspective tserefore 161 kN.

Lastly, the contact pressure between the ball and the socket inithegomsstieredAssuming

sinusoid repartition of pressure, the maximum contact pressure caused by applying an axial
compressive force of 45kN can be calculatbdims182 MPaAs this is less than 50% of the

yield strength and since the rig is not operated at normal forces beyond 30 kN the contact
pressure is deemed to be sufficiently low.

The assembled bottom half of the rig is presentadure38

Figure 38 The new wear rig prepared for testing with the Instron loading frame.

3.2.5 Use with Instroncompressioftorsion loading frame
While the Instron loading frame siperior to the ZwicRoell with rgard to the ease of

programming the test sequence, sampling frequency and available memory, two significant issues
were observeid actual testing
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x A crescent area of unworn surface was observed on each sample element, measuring
approx. 0.2 mm at the wit@sint. This indicattan axial misalignment of the loading
frame, which the wear rig was not designed to accommodate.

x During the wear tests, the Instron grips were seen swayitgysgige imposing not

only rotational but also transversal movemeheteample, which is highly undesirable

Initially it was assumed that these problems are linked, the axial misalignment causing an uneven
distribution of pressure, which in turn leads to the torque needed to overcome the frictional
force appear eccentrlgalelative to the axis of the rotating gripe axial misalignment was
removedby the Instron stafHowever, the swaying of grips was still observed during repeated
tests. Thisaisedconcerns over possible fatigue damage to the loading frame withguiaise

and further experiments were halted until a solcdiaid be found. However, soon after the

loading frame was put out of commission in an unrelated incident. In order to avoid serious

delays to the project, it was decided to revert back tetioé the ZwiclRoell loading frame.

3.2.6 Use with ZwickRoellcompressiortiorsion machine
In order to mount the new wear rig onto the Zv¥iRolell loading frame, the stubs designed to fit

into the Instron hydraulic grips ($&gure36) were shortened to 55mm in length and had a
M30x2mm fine thread cut into them. This thread was chosen because it is compatible with the
diameter of the parts, while having particularly high thread friction on account of very small
pitch. The mounting brackets from tfiest rigwere repurposediachining30x2mm threaatl

holesinto ther centregFigure39).
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Figure 39 Mounting bracket modified with a central threaded holeNote that only the hole dimensions are stated, as
this is an extantpart, not being made from scratch.
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This enabled the new wear rig torfla@ecompatible with the ZwieRoell frame. When torque
is applied clockwise to this assemidystrew mourtghtensand when counter clockwise, the
loosening is resisted aynormal force of several kN (while having a thread profile with very

high friction and therefore resistance to unscrewing under load).

To further fk the components place, Loctite 638 thréacking compoundvas employed,;

with parts curea t 50 AC f after applidation. cAacording to the manufacturer, this
compound obtains a compressive shear strength of 2th&i@asing to appro85 MPawith

the above curing reginiE53) Taking into account the surface area of the threaded joint and
assuming the shear strength of the compound as 29 MP, tHeceréakjueof the entire joint
iIs2200 Nmwhich is well in excess of what the loading frame can gdinesaiesembly, while
perhaps not conventional, has stood up to over a year of extensive use without issue.

Figure 40 New wear rig on the ZwickRoell loading frame.

3.2.7 Alignment bearingaddition

In order to ensure adequate rig aligriratall times aalignment bearingas incorporateidto

the design to insure coaxiality of the top and bottom sample element. An alignment needle
bearing RPNA 30/47 was chosen as it offers the smallest profile while enabling angular

misalignment to beeommodated, requiring the least material to be removed from the parts. A
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socket was machined into the top sample holder and the bearing inserted with an interference fit
(Figure4l). The top of the wobble plate veasved down, to become the shaft of the bearing.
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Figure 41 The top sampleholder with bearing socket.
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Figure 42 Crosssection of the wear rig with the alignment baring. Mounting brackets andbellows coupling not
shown.



3.2.8 Debrisentrapmentrings
To study the effects of debris entrapment on wear, debris need to be entrapped somehow, to a

degree beyond the entrapment capacitigeotontact itselfFillot, lordanoff & Berthief15)

have successfully used-diafflat contact surrounded by tall metallic wallsvduld be
impractical to use metal entrapment elemerttss studysince tightitting elements would

wear against the sample, disturbing the mass loss measuwenilenssy clearance (which

would be necessary to both prevent wear and enable the disassembly of the worn contact after
experiment) would enable the egress of the wear debris. These issues were not qigjB)ficant in
due tothe unique combination of materials and geometry used by the authors. In this study, the
perfect material for entrapment elements would be one that would cause minimum wear to the
aluminium sample, while being sufficiently elastic to be easily instakedoaed. A decision

to use plastic ringsas thus mad&he wearing contact is encased into a pair ofitigig

rings, surrounding the contact on both sigigsi{e43-Figure44).

Figure 44 Debris entrapmentrings in position.

Figure 43 Debris entrapment rings in position,
showing the worn surface buried between them.

For measuring the debris bed thickness, @abkpeEasuring method was developed. After the
completion of the main wear experiment, the wear elements were separated, cleaned by brushing
and vacuuming the wear debris, before being loaded back to the full normal force used in the
experiment. The vertlcaosition of the bottom sample element was monitored with the
difference between the vertical positions at the end of wear and after cleaning corresponds with

the wear debris bed thickness. In essence, the loading frame itself is used as a mpassuring calli
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To test the repeatability of this approach, a separate experiment was carried out: a worn sample
was installed and loaded 10 times with identical normal force, with the sample elements being
separated to a distance of 150 mm for 5 minutes afteroedtiglcycle to represent the

cleaning process to observe the variation in the vertical position caused by gross movement of
the loading frame. This was performed at normal forces of 2, 5, 10, 15 and 20 kN. The standard
errors of the vertical position maasl in each experimental run w98 Q m0.323Q m,

09730 m03040m DATOmM respectively. Since the deb
orders of magnitude thicker, this is considered acceptable repeatability.

3.2.9 Use of segmented samples
As the weamodelling work required tests on an open contact geometry, a way for obtaining

such a geometry with the existing wear rig was neededdsispecifically designed for using

open contacts were nedisilyavailable) By machining a number of slots itite annular sample

element, and wearing such an element against a full annulus, the sample is effectively divided into
a number of independent ftat-flat open contacts. While such arrangements were used before

(86; 85)they were viewebly their creatora s 6 enhancedd or O0modi fi ec
apparently went unnoticed that wearing such an assembly is essentially running a number of

opencontact wear experimenis parall@n the same wear machide it mg be imagined,

running one experiment and obtaining results which are equivalent to the aggregate results of 10

or even 20 separate experimental runs represent a significant economy of time and resources,
doubly so, since the equipment used can alsdlwmenfilar sampleln this work, segmented

samples were used to enable the study of wear in open contacts, using the new wear rig

described in sectioB.63.2. /without the need for additional wezachines.

Originally, 5 mm deep cuts were made in the sample, the exact shape and placement were varied
depending on the objective of the experimEimgjure 45 shows a sample element with
rotationally symmetriclief cuts measuring 5 mm deep anthbwide, dividing the sample into
16 contact areas. Such samples were used in tests where the imposed displacement of movemen

was varied.

For tests where the sample geometry was varied, the contact surface wasoddyid2d24 or
48 equalbgized segments, with every second one milled away, again, originally to the depth of 5
mm. This gave elements with either 3, 6, 12 or 24 contacts of differefigsizd).
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Figure 45 Segmentedsampleelement after wear.

Figure 46 Segmented sample elements showing differegeometriesused: Element with3 contacts (A), six contacts
(B), 12 contacts (Cand 24 contacts D).

In prectice, samples frofigure4d6h ave shown a serious weakness
the sampléend during wear, reducing effective displacement during wear. This issue increases
with the number of contacts, @nthe contacts are narrower and thus less stiff. A new set of
samples was made with segments diguwed/nThia 06zi g
shape was chosen as a compr o micengact patch fomen t h
the side and the relative difficulty of machining a sloped, rathern than a steppezhside

0 t o dhe bodtact patches have the same shape as before.

Figure 47: Segmented samples with the revised segmestiape. Detail of the sample witt8 contact patches (A),
sample elementwith 24 contacts (B)
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3.3 Pilot X -ray work
Taking inspiration from a seminar which presented the usexpfcEmputed tomography for

observing the growth of stresgrosion cracks 4situ, the idea of using a similar approach for
imaging wear processes had been forDespite extensive survey of the literature, no prior
studies of thigprecisenature were found and the ability to observe the worn contact without
disturbing the wear pregs seemed to be of great importance, not only for this project, but to
the general field of tribology. A decision was made to produce -affmaodept study of
application of Xay methods to wear. Two pilot experiments, one usiag &T imaging and

one using Xay diffraction were carried out.

X-ray CT imaging was carried out at Oxford, while a short diffraction experiment was
successfully proposed to Diamond Light Source

3.3.1 Pilot tomographysampleassembly
Pilot tomography work was conducted using ¢ies XRadia Versardy microscope. Ahis

is a laboratory machijrtee intensity of Xays generatedreatively lowthe peak brightness of
bremsstrahlungased Xay tubes can be up tel® orders of magnitude less than what is
achievable at a synation facility(154), dictating a number of experimental parameters. The
volume containing the contact had to be small to give practical imaging timeweigtttife

the sample was limited to 20 mm. An annular contadeoha diameter of 4 mm and internal
diameter 2 mm was us&igre48 Figure50A), to satisfy not only the geometrical constraints,

but also because the axisymmetric angelbmetry lends itself to simple image processing. In
addition, annular geometry has unique properties compared to more common incomplete
contacts(86; 109; 25; 5&nd has been the subject of iasesl interest in the tribological
community. To minimize imaging time further, the samples would need to be made of low
density material to reduceray attenuatiorAs discussed in sectidnt.] the emphasis of the

work wason the process of wear as such, rather than study of a particular engineering material.
Consequently, a commatuminium alloy (6082T6) was choasnsample materials it is
available and does not present significant challenges with regard to mablaindtigpgwhile
satisfying the requirement for low den&fch sample element was cylindrical, with the wear
annulus located on one of the bases and an M6 threaded hole made into the opposite base.
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Figure 48 Design of the sampe elements used in pilot tomography experiments.

Building anXradiacompatible wear riggjould be a highly complex endeavéwor;an initial
proof-of-concept study the wear condition was preserved by clamping the wear sample after
imaging, so that wear tue examined undisturbed, despite the wear and imaging processes
being carried out separatdly. minimise the effects of the clamp on imagipglyacarbonate

clamping tubevas devisedrhe inside of the tube was reamed to ensci@sefit with the

cyindrical part of the sample element. The tube was given 8 incisions on each side to increase
flexibility.

Each sample element was screwed to a sample holder, which was a hollow steel tube with an
external diameter of 10 mm using a grub screw. When tHe s@anpents are pressed into
contact with the annular wear surfaiceé one is rotated counterclockwise relative to the other,

both elements tighten against the sample holder, inhibitimgy rotational movemenirhe

clamping tube slides over the samlgmentsKigure49 Figure50B) with a pair obmall jubilee

clipsthen used to compress it around the sample eldgfFignte50C).

Sample holder
% /
Sampleelement
Tubular clamp /

Figure 49 The pilot wear assemblyGrub screws not shown.
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After the completion of the experiment, the sapiplaentsvere first clamped together, before

the assembly wasmoved from the sample holders by unscrewing theaaviss through the

holes in thesample holders. This design enables the clamped sample assembly to be removed
without any force being transmitted through the sample postThisas. important to prevent

the worn contact being upset while the sampéeng kemoved from the sample holder.

Figure 50 The wear sample. (A) Unworn sample element showing the annular contact surface (B) Sample elements
mounted in contact, with the clamp in position, butwithout clips. The direction of rotation is shown.(C) The fully
clamped sample after wear and tomography.

3.3.2 Pilot tomography weaprocedure
In order to wear the sample, a rotational motion was applied to one of the sample elements,

whilst the other was held still. In addition, the sagipments were pushed against each other
using approximately constant axial force. This combination is possible through the use of an
ordinary lathe, with one of the sample holders being held in the chuck and the other in the
tailstock. To apply a constamormal force, a weight was hung from the handle of the tailstock
wheel Figure51).

Figure 51 The weigh on thetailstock wheel.

~ 77~



The axial force of the tailstock spindle (assumingée dl e being in the 3

given by:

- m@r3 DZ
L

Wheremis mass of the weiglgthe gravitational acceleratiotihe radius of the tailstock wheel,

DZ ef fi ci ency L teé pitchlofethe@nolle screw @nmaoer tirn). For the lathe

used r was 5 cm, L wasmn/turn. DZ val ues for | ead SCrews a

16

weights were used, weighing 568 and 1645 grams respectively. Given the imprecisions in
measurement ofand uncertainty aso t he val ue of DB{werefoendedal c ul
to 45 and 1301 respectivelyJsing a lathe as a wear machine is a rather crude approach, but has

proven itself to be quite sufficient for the purposes of a pilot study.
The experiments were coeted according to the following experimental sequence:
x  The lathe speed is set to 40 (fime lowest available on this particular model)
x The sample elements are attached to respective sample holdarsiatig tightened.
x  The sample holders are clampéal the chuck and the tailstock respectively.
x  The clamping tube is slid over one of the samples, followed by both jubilee clips.

x The tailstock is gently moved forward, until the sample elements touch. The handle is

t hen sl owly r ot atibneadd the tailstock lecke®l inpléce.l oc k posi
x  The weight is slid onto the tailstock wheel handle.
x Lathe is started and allowed to run for a set period of time.

x  The clamping tube is slid over both sample elements and the clips tightened with a

screwdriver.
x  The talstock sample holder is unclamped, releasing the axial force from the assembly.
x The entire assembly is removed from the chuck.

x One of the sample holders is clamped in a vice and the grub screw is removed. No
torque is transmitted through the worn consaiete the grub screw is located within the
clamped holder. This is repeated with the other holder, leaving behind the clamped

sample, shown Figure50C
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During thewear and fitting of the clamping tuthee aluminium elements amnmpressed with

the axial forc€&a. As the axial force is released, the elements expand, putting the plastic tube in
tension, untilequilibriumis reachedrFrom the dimensions armastic modulof the sample
element andlamping tube materials, the s&ffs of the components can be calculated. From
this it may be established that approximately 20% of thé-iniigatetained after clamping.

3.3.3 Pilot X-ray diffraction experiment
X-rays can be applied to more than just imagiray diffraction is a wedktablished technique

for studying crystal structure of metals, making the pairirgpgfCXI imaging and diffraction

for in-situ investigations of wear a logical and potentially powerful investigative approach.
However, it was not clear what informateray diffraction could gather, if applied in such a
manner. A research proposal for asiexdiffraction experiment was successfully submitted to
Diamond Light Source, with the intention of apgl(-ray diffraction to a geometry similar to

an insitu wear experiment to study the practicality of such an approach. Some of the steel
samples used in either preliminary research work or the study ofaddtiigsectiord.2 were

sectioned, to make diffraction samples. To ajppaitex the actual wear-get each diffraction

sample consisted of a pair of annular sections, stacked with the worn surfaces touching, thus

creating an assembly geometrically identical to the one used during wear.

The diffractionsample (as well abe reference samplekreferences using CeO2, 4 using Si)
wereretaired the samplénolderto ensurerepeatable positiing. The reference samples are
supportedilbr ass di scs measuring uU20x2mm with a O°f
a mixture of reference material and glue. The reference samples are fixed in place using adhesive
tape; since the density and thickness of the reference material are parge torhe plastic

foil of the tape, the majority of diffraction occurs within the volume of the reference sample.

The sample holder mounted on the beam table is shéwguies2 A pair of legs was attached

to the sample holder using shoulder screws. Each leg had a pair of countersunk M6 bolt holes
for attaching the assembly to the sample table. In combination, -temteeifignature of
countersunk screws and the tight tolerances of the shoulder screasighle repeatable
positioning to the holdeHowever, the geometrical imperfectiohghe samples (such as
burring at the worn edgesgre found to influence the position of the samjilerthe holder,

tilting the sample from vertical.
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Figure 52 Sample holder as seen from the detector side. Note the brass discs containing the reference samples and the
four diffraction samples.

The sample holder needs to be of appropriate dimensions so that all sample positions fit within
the range of movement of the sample t4bhk5) Preferably the diffraction region in each
sampleshould beat the same distance from the dete@miachieve this, @ateshapecdolder

was designe@Figure53), withthe samplesesting in windows so shaped thdte 6 nosed& of

samplevasflush with the front face of the holder plate, as are the faces of the reference samples.
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Figure 53 Design of thediffraction sample holder.
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3.4 X-ray imaging rigs

After the success of the pilotr&y experiments, a larger experiment was planned with the
intention of applying diffraction and tomography simultaneously at a synchrotron facility. A
special wear machine would be usedear the sample on the beamline, thus creating a true in

situ experiment, observing the progress of wear on a single sample.

3.4.1 Plannedexperimentat Diamond
Three days of beam time at the 112 beamline were awarded for late June 2020. An agreement

was eached with University of Manchester to use their Deben CT10kN loading frame. The
frame was to be shipped to Diamond, mounted into experimental hutch 1 and experiment
carried outThe intention was to carry out 5 experimental runs at different normakéudds

with approx. 20 data points, observing the worn zone as it develops from unworn to steady state
wear conditionThis experiment was cancelled by Diamond Light Source after the COVID19
outbreak as incompatible with the changed working aadcatpolicies. Since many fittings

made for the planned experiment were repurposed for the replaceayewoxk at Diamond,

a short discussion of their design and development is included.

When designing the sample and sample holders the capacity of the headd to be taken

into account. Tomography module 3 at the 112 beamline can only accommodate volumes of up
to 8x8x8 mmThis module was judged to be the best avadalel¢o its balance of tomography
resolution and field of view size (module 2 wrrddire very small samples and module 4
would give a resolution judged fomor for the purpose of this researchiis dictated the

sample to use an annulus measuring 7.5 mm in external diameter and 5.5 mm in internal
diameter. The design of the sampl&ldioneeds to ensure great repeatability of sample
positioning, hold the sample tightly and enable a quick and simple change of the sample
elements. In machine practice, Morse taper is used for holding accurate and reliablefmounting
tools that experieacaxial and torsional forces. Tools for machining Morse tapers are widely
available. As a result, the sample elements were given the shape of Morsd-iguperS#41.

shows the crossection of the sample, as oadjly designed.
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Special sample holdesgUre55 Figure56) were designed td the DebenCT10kN loading
frame.The design is based on the proprigtams,the drawings of which were supplied by
Deben,which were used as a base for the design. The limited clearance of the frame prevented

the use of a more complex wobble plate meshaas used in the larger rigs desantd.4
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Figure 55 Top sample holder for theDiamond experiment
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Figure 56 Bottom sampleholder for the Diamond experiment

In use the sample holders would be attached to the loading frame, centred and fixed in place.
The sample elements would be inserted into the holders ankbad @pplied toest them

fully, before the experiment beg8ample elements arenoed by inserting an Allen key
through the hole in the sample and turning the ejection screw at the bottom of the hole.

Figure 57 Sample holder withsampleas originally produced.

3.4.2 Use ofZwick-Roell compressiotorsionmachinein preparation of samples for ex
situ Diamond Light Source Experiment
While a complete 4isitu experiment &iamondLight Source was made impossible by external

circumstances, the success of the pilot work still merited a replacement study to dog,carried
both to explore the practical possibilities and limitations of the approach and strengthen the case
for acceptance of future research propogaisexperiment dividing the wear aneray
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observation into separate parts was possible within theestrictuCOVID19 regulations,

which would enable the progress of wear to be observed through the use of several samples.
This would enable to demonstrate the applicability-rafy X omputed tomography to the
observation of wear more strongly than the pook and with enough data points, preliminary
observations about thickness of the wear debris bed layer, worn roughness and size of wear
debris could still be made. In principle, diffraction data could also reveal information about the
thickness of the trdbogically transformed structure and possibly lattice strain. A proposal for
exsitu tomographdiffraction experiment using 15 samples was successfully submitted to

Diamond Light Source.

The ZwickRoell machine was used to apply the compression and t@sded for weah

total of 15 samples were waonvarying degrees in laboratory in Oxftrdn encased in an
epoxy putty (UniBond Express Repaimjer load to preserve the wear condition as closely as
possiblebefore being sent Oiamondfor further processingA pair of adapter plates were
made tenableéhe mounting of sample holders onto the Zv¥Rokll machine

The following experimental procedure was used:
x  The sample elements are inserted into respective holders.

x The test sequence is initiagaplying first the pAead to securely sit the elements, then
the axial and torsional load requiFeégure58A).

x At the end of the experiment, the samples remain in contact and under load. Epoxy putty

is appliedraund the contact and compressed using a sleeve and a zip tie.
x Putty is left to cure for 24 houFsgure58B).
x  Still under load, the scielolding the top sample holder are removed.

x The assembly is lowered anel ithp sample holder removed. The screw in the bottom
sample holder used to lift the wear sample.

x A 2.5 mm hole was drilled into the sample region radially, to enable the diffraction beam
to pass through one side of the sample unobstride58C; this was necessary
since otherwise, the beam would diffract on both sides of the annulus,

complicating/corrupting data).
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Figure 58 Ex-situ sample preparation. Weasamplemounted in the wearmmachine (A) Putty curing (B) Wear sample
with radial hole showing (C)

The samples were conveyed to Diamond Light Source where the imaging and diffraction study

was carried out.
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4 T OWARDS A NEW WEAR MO DEL
As discussed in sectioh8.2and 3.1 Fillot, lordanoff & Berthier introduced a conceptually

powerful model of wear, which was chosen for further examination and study, due to its novel
way of modelling wear as a corabon of parallel, interconnected, but opposing processes of
debris generation and entrapment. In this section, the model and its application to an annular

contact geometry are discussed and explored in greater detalil.

4.1 The model
In the final and most maeincarnatiorof their approaclkil5; 133FI&B use a discrete element

code to simulate unidirectional sliding of a block made from bonded particles against a rough
surface. Periodic boundary conditions are applipenglcular to the direction sfiding;
effectivelymaking the block infinite i.e. the setupula¢san annulacontact of infinite radius.

Friction between particles of the block and that of the surface causes individual bonds to break,
event walaltyi n@ldi ba particle or a group of part
application of suitable boundary conditions, the particles can be permanently prevented from
exiting the contact; in this manner, the authors determined that when atyfacigty of

wear debris accumulates, the damage to the wearing body stops. This led the authors to
formulate the concept of the maximum debris bed thickhggsatich occurs when no debris

ejection is allowed.

They also determined that the debristieje rate linearly increases from zero with debris bed
thicknesdH, while the debris generation rate linearly decreases from maximum with debris bed
thickness, reaching zero at some maximum thickness (dertoigyl Be differencbetween

debris genetian and ejection rates causes debris bed thickness to increase or decrease. The core
relations of this modbhve already been given by egfi® andarerestated

Qut =Cy Hmald t 7
Qet:Cth 18

A H 19

35 g7 - QutQet
where3s and S denote the debris density and contact area respe€livislythe ejection
constant; larger valuexicate more rapid debris ejecti@a.being the debris generation
constant; larger values indicate more rapid debris generatiersteady state, the debris bed
thickness become stalid (B Hsz) and debris creation and ejection rates beagpuad
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Steady state debris bed thickness and steady state wear rate (for initially clean and perfectly flat
surfaces) are given by:

H _ Cd H 20
stattd_'_ce ma x
_ _ _ Hmax 21
QdD _QeD _Qst5b1+1
C G

Equationsl7-21 enable the calculation of both stestdye andhstantaneousear ratessawell

as establishing the total detached anttdjemasses, byegrating the expressions for rate over

time As the conservation of mass must apply, regardless of wearing materials, geometry,
atmosphere etc. this is a general description of wear (albeit contaisipecdasparameters)

which conbrms to the requirements established by Meng & Lu@nas well as Berthier

(113) This is therefore a conceptually strong model of wear which requires only the knowledge
of three parameterG,, C. andHm.xto operateln practiceCy andC. are almost always positive
makingHsws< Hmax IN principle, théHs.4 Hnaxratio could take any value between 0 and 1 (values
above 1 violate the fundamental premise of the FI&B madel)g a special matdr
combination which gave a very predictable debris particle size, Fillot, lordanoff and Berthier
have sucegled in reachinGa 0hy mechanically restricting the ejection of wear &bjis
enabling them tgeneratél .8 Hmaxthus enabling them to measuirbd«directly The original

authors do not provide any guidance on how to est@hli€hand Hma.x outside empirically
measuring them on a céisecase bas{d5) This chapter presents atfgmto investigate some

of the ways in whiatontact geometry, pressure and maieilizénceCs, CcandH max

4.2 Debris ejection constant and contact geometry
Fillot, lordanoff& Berthier speculatéd17)(but did no pulish any evidence) that the width of

the contact influences the entrapment of wear debris, namely that ejection dkteczess

smaller) the wider the contact is perpendicular to the direction of sliding. This is consistent with
the argument sepatgtenade by Zmitrowz (5)who explained the phenomenon of entrapment

as a consequence of disparity between the charadienestisiorof the contact and the much
smaller characteristiamensionof the debris particle. In ardact studied by FI&B debris is
ejected perpendicularly to the direction of motion, making the width of the contact a sensible

choice for the characterigdimension affectingntrapment.

1Section4.2is based on paper of Aleksejev et 4IL)
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Annular contacts naturally lend themselves to testing the ahowptiasm, as they are real

world manifestations of the idealizgbmetrystudied by FI&B. Using annular contacts of
different widths, the expected inverse dependence of debris ejection (and therefore wear) on
annular width can be tested. In additionpafth systematic studies on how contact pressure
(86) atmospheréd9)and intracontact flow(115)affect wear in annular contacts have already
been published, the infhee of annular width does not appear to have been explored in
previous studies, making this exercise valuable inTagelt the hypothesis that the ejection

path length controls debris entrapmemb experimental series of tests were conductednone o

steel and one on aluminium samples, varying the annular width while maintaining other
parameters constant in each experimental series. The focus of the study was on the effects of
annulus width and not the response of a particular engineering matecmlthd steel and
aluminium samples were chosen for ease of availability and manufacture. The observed
variations in total wear and steady state weavaiahen interpreted using a simple model of

debris entrapment and by considering the worn stofagieness.

4.2.1 Debris ejection constant and contact geometfgxperimental strategy and setp
The first experimental series was performed using EN1A steel samples, the second one (done to

test the mathematical model developed to explain the results odttbaefi using 6082T6
aluminium alloy samples.

In each experimental series, the nominal contact pressure, amplitude and total distance slid were
held constant. The annulus widths tested were 1, 2 and 4 Mabls8éor additional details.
Note that the tangential displacements used are of the order of ~1mm, rather than >0.1 mm

typical of fretting, making this closer to reciprocating wear rather than fretting wear.
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Experimental series

Material EN1A Al 6082T6

Annulus width

1 2 4 1 2 4
(mm)

Internal
annulus 66 66 66 80 80 76
diameter (mm)

Number of

1700 1700 1600 3500 3460 3550
cycles

Angular
ampl it uc

Frequency
(Hz)

Nominal
contact 9.35 15.0
pressure (MPa)

Accumulated
sliding distance 8000 9800
(mm)

Initial surface

Ra=0.8, R=5.5 Ra=0.7, R=4.4
roughne:

Material

189 HV 101 HV
hardness

Table 3: Experimental parameters for bothlexperimentalseries. Note that the cycle numbers were varied to
compensate forchanges in median sample radius, the keeping the accumulated slid distance constant in each
experimental series.

Samples were subjected to wear using the following procedure: The bottom and top sample
elements were cleaned with an isopropyl albaketiegreasing agent and dried. The sample
elements were weighed and then mounted on the loading frameR@allick100, Germany).

Special sample grips are used to hold and align the sample elements; for detailed description
please see secti®r2.1(steel samples) and sedi®2.33.2.4(aluminium samples). The loading

frame imposes and controls axial and angular position and can maintain constant axial load using
feedbackrom a load cell. The test rig moved the bottom sample axially and applied angular
motion to the top sample element as required. The machine also measured and recorded torque,
angular and axial displacement, normal force and computed the accumulatetk wear w

initiate the test sequence, the sample elements were brought into contact at a speed of 0.05 mm
s’ in the axial direction, until 50% of the nominal contact pressure was reached. The full contact

pressure was then applied and the cyclic angular displacement imposed.
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After each test, the sample elements were separated and removed from thairtest mac
brushed and wiped clean, ready to be weighed again, providiegdheement of total mass

loss. Weighing of the steel samples was done using a Sartorius Digital Scale (Sartorius Lab
Instruments, ENTRIS22aES, Germany) for steel samples (requiyettiéo high mass of the

steel samples) and an analytical balance (Wiekldo, XS105 DualRange, USA) for aluminium

samples.

In addition to the total mass loss, the steady state wear rate was determined using the axial
position of the bottom sample elemeavhich gradually changed during the test, due to material
removal from the sample elements. The axial position data vpasdofiitered to remove
measurement noise and the linear portion of the data idés¢i@etbscription in secti®2.2.3

for details) The linear rate of change of axial displacement was multiplied with the nominal

contact area and the density of the material to give thestteadyear rate.

4.2.2 Debris ejection constant and contact geometgiscussion

4.2.2.1Steel experimental series
Figure59 shows how the total mass lost is distributed between the top and bottom sample
elements in this series. The split is mostly even, as is expected in light of the geometrical

symnetry, but in 4 mm annuli there is a tendency for more mass to be lost from the top element.

—Lineof symmetry @ 4mm @ 2mm O 1l mm
0.25

o
()

0.15 (&)

=
—_

0.05

Mass lost from top element (g)

0 0.05 0.1 0.15 0.2
Mass lost from bottom element (g)

Figure 59 Distribution of mass lost between the top and bottom sample elements for the first cycle of experiments.
Line of symmetry repesents perfectly even split of total mass lost. Enlarged markers indicate two tests with identical
results.
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When the lost mass is plotted against the amount of work expended in wear, the points fit well
to a straight line

Figure60). Linear regression analysis gives?amalRe of 0.89 when all the data points are
included. If the largest outlier is excluded (marked with a red éGireise®Rto 0.99. Linear
increase of wear volume with accumulated energeritcad contacts is frequently reported in
the literature (s€&56; 157; 158; 86However, in this case the linearity exéttseenntacts of

different sizes.
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Figure 60 Lost mass as a function of wear work and annulus width in the steel series. A red circle marks an outlier.
Enlarged markers indicate two tests with identical results.

The principal purpose of this study was to establish whetherease in the width of the
annulusincreases wear debris entrapment (other variables being the same) or not. Increased
entrapment should manifest itself through a decrease in Tees. are currently no
standardized methods for measuring the exact magnitude of debris entrapaseof 2618

there were no methods to observe the debris bed between metal bodies. Entrapment therefore
had tobe inferred qualitatively from observed wear daragesver, contacts with larger

contact areasan beexpected tdose more material in totab &ccount for this, the total mass

loss and the steady state wear rate were normalized with respect to nominal contact area.
Normalized total mass loss for the steel experimental series is gfiguretd. By exluding

the largest and the smallest value (marked with red circles; both of these tsidweérd
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before the addition of the spring discusseectior8.2.1and shown ifrigure23the values fall
into a range of 0.24 to 0.35 mg/MmiNo clear trend in wear versus annulus width is observed.

Mass lost per unit contact area (first cycle)
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Figure 61 Total mass losses per unit contact area adwnction of annulus width for the steel experimental series. The
largest andsmallest values are marked with red circles.

Steadystate wear rate normalized with respect to contact area is skoyunei®2 There is
significant scatter between tests and no specific trend is observell.tihes toial mass loss,

the steady state wear rate is not decreased by increasing the width of the annulus.
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Figure 62 Steady state wear rate per unibntactarea as a function of annulus width for the steel experimental series.
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The results obtained with steel samples show that wider annuli do not wear less, even relatively,
much less absolutely, which indicates that wider annuli do not have &smha#eeforeijt

mustbe concludd that wider annuli do not show an increket®is entrapment. This is quite an
unexpected outcome, which requires an explanatiapplBng the mass conservation principle

to radial debris flow in a simplified contact it can be demonstratadrthiats width may not

influence entrapment underta@ conditions.

4.2.2.2Debris bed mass flow analysis and entrapment
Entrapment of debris is defined as containment of the debris between wearing&8faces

98) This is commonly assessed qualitatively; however, tareothp extent of debris
entrapment it is desirable to have a quantitative measure. The debris ejection constant of FI&B is
not fully appropriate, as it expresses the magnitude of the debris ejection flow, which may
depend on factors such as the shapesiaadf the contact area and does not measure simply

the capacity of the contact to entrap. For this reason, the average time needed for a debris
particle to escape from the contact after its release into the dehas bedn adopted the

measure of abris entrapment (the same concept has been independently proposed by

researchers from University of Nottinghar(3ir).

Consider the debris mass flow in a radial-sext®n of the annular contact, as showigure

63 As the annulus width is small compared to the radius, the contact can be approximated by a
pair of infinitely long straight walls, of width 8 parated by a debris bed layer of thickhess

As it has been demorated that larger values Hfdecrease weétl7; 15and since wear
observed in steel annuli scales simply with contadt ésessume as a first approximation

thatH is independent df. In additionH is most likely to be influenced by contact pressure,
which has also been kept constam.also assundghat mass iemoveduniformlyacross the

contact surfagavith mass loss rate per unit &edhe contact is symmetrical with respect to a
central vdical plane (distanteaway from either edge) and it is assumed that there is no net

mass transfer across this symmetry plane.
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Figure 63 Crosssection through an idealized annular contaciThe dip direction is in/out of the page

In steady state, the mass flux of debris in the radial direcfigeyr unit depth, at some

horizontal distanddrom the central plane can therefore be written as:

m( 1 P M 22

The debris flows through the gap hestw the surfaces of the first bodies. Using22pmd
denotingthebudl ensi ty of t he defiheflovw,%, the radi al

m' 23

v (| = iM
AR KA
It is assumedhat each particle removed from the first bodies immediately obtains the radial
velocity of the flow at that position. A particle travelling with the gpeaels a distanckin
timedt Using eqr23we obtan:

2 M
vdt =—=ddit = 24
H3
Hence
gt H3dl 25
2M |
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The quantityH3 2M defines a characteristic tithevhichistaken to be a constant. Solving egn.
25gives

26

. L
=11 21
Wheret.is the time between release of a particle into the debris bed, atlpasti@pection of

the same particle over an edge of the ciofitae averagéne particles spend in the contact can

therefore be calculated as:

te=tE0LI-I|'qd|t*= 28

Eqgn. 28 identifies the characteristic titheas tle average time debris particles spend in the
contact. This time is independent of the width of the annulus. On the otheCldwes

increase with the width of the contact, since the quantity of material ejected increases linearly
with the contact areanc the debris bed thickness is assumed to remain the same. The
independence of average ejection time on geometry is in line with the observations gathered on
steel sample®ccording to gn. 28 the average ejectidime is independent of material
properties (apart from debris density) as well astfi®rnwear contact conditions such as
pressure, displacement or sliding veldetdseasing the width of the annwtii further should

therefore have nentrapment effcts.It is alsotherefore expected that the independence of
entrapment of width of the contact will be observed in other contacts. To test this, the
aluminium experimental series was carried out using different pressure, displacement and
material, but vgmng only the annulus width within the series. This directly tasted

independence of wear predicted by 28n.

4.2.2.3Aluminium experimental series
In the aluminium experimental series, the mass lossqualby/split between the topnd

bottom sample elements, as was the case for steel Jaigune84. However, the total mass

loss is smallest in 4 mm wide rings, as opposed to being the largest, as was the case in steel rings
This may app@ paradoxical, but it should be born in mind that total mass loss represents the
effect of the entire process of wear: the initiation of surface damage, galling of surfaces,

generation of the wear debris bed and finally sttddywvear.
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When using aminium rings, the number of cycles needed to reach steady state wear increases
roughly in proportion with the size of the contact area, meaning that while-stateaddys

reached in all cases, this required more cycles in wider rings, eventugllgssawsar to be
accumulated owatl. This explanation is further supported by the fact that total mass loss in 2
mm aluminium rings is less than twice that in 1 mm rings, indicating thairitgeriod of the

contact was longer. In the steel rifgssteadtate was reached much more quickly, making the
steadystate part of wear mask the transient wear phenomena. The reasons for the difference are
not fully clear; we speculate that the most likely explanation is that aluminium, possessing higher
dudility than steel, required more energy to be expended (and hence more cycles to be
accumulated) in order to initiate wear and establish a tribologically transformed structure.

—Lineof symmetry @ Ilmm @ 2mm © 4mm
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Figure 64 Distribution of mass lost between the toand bottom sample elements for the aluminium experimental
series. Line of symmetry represents perfectly even split of total mass lost.

When the total mass loss is plotted against accumulated wear work, no particular trend is
observed between annuli ofaetiént widthsKigure65).
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Total mass loss as a function of wear work
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Figure 65 Total mass loss as a function aiccumulatedwear work in aluminium experimental series.

When normalizing the total mass loss with respect to cargact clear negative trend is
observed, with the normalized mass loss decreasing with annuléSguigdo).
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Figure 66 Total mass loss per unit of contact area as a function of anosalwidth in the aluminium experimental
series
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The same trend is observed when the sttaidywear rate is normalized with respect to the
contact area, as seeffrigures?.

Steady state wear rate per unit area
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Figure 67: Seady state wear rate per unit area as a function of annular width in the aluminixperimentalseries.

The aluminium experimental series shows that wear (as measured by total mass loss or steady
state wear rate) decreases with annulus width, whictisteconvith an increase in wear debris
entrapment. This contrasts with the steel experimental series, where the wear was almost

independent of annulus width.

In both experimental series powdery wear debris was pr@dscadning electron microscope

(Zess, EVO LS 15, Germany) was used to observe and study the wear debrid-ganeles (

68). When steelvas used, the debris accumulated inside the bottom sample and was easily
collected for further study. When ahiom was used, this was not practical, so an adhesive tab
was applied directly to the contact surface after wear to collect the we&atlebtisg wear

debris for the purpose of weighing was impractical, since the sample holders were not design to
retain the debris, while collection through vacuuming or some similar methogralmalty

waste portion of the debris particles too small to be reliably captured by the filters.
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The steel debris particles are mostly-flakea p e d rangim-@ 0i0n Osni, z evi ft ho
Om20 Om being typical . Thl®% 6f ltsadiareetet There weree s s
no visually discernible differences between the particles obtained from contacts of different
widths. The aluminium debris was alsoentf or m of f | akes, i & a sir
200 Om. Debris collected from the 1 mm al umi
flakes (over 500m across and approxi mately
produce smaller deb particles (although some larger ones were still found).

In a £parateexperiment, the wear debris from the steel and aluminium contacts was placed
between a pair of flat steel plates and compressed with clamps. The thickness of the assembly
was measudeusing amicrometrescrew, to determine how much can the debris layer be
compressed. The observed debris layer thicknesses w€r&00.08m, showing the likely

limiting value for the thickness of the debris bed in wear.

K R . )
EHT = 15.00 kV Signal A = SE1 EHT = 15.00 kV Signal A = SE1
WD = 85mm Mag= 206X 200 pm I WD = 9.0mm Mag= 200X

Figure 68 Wear debris particles. 1 mm widsteelA) 2 mm wide steel B) 4 mm wide steel C) 1 mm wide aluminium D)
4 mm wide aluminium E).

The difference in wear behaviour observed suggests that debris entrapment is influenced by
factors other than the width ofiet annulus. However, the annulus width was the only

geometrical parameter varied in the experimental design of each series. This indicates that a self
establishing length scale may affect the entrapment process. In this case, varying the width of the

annuus is not sufficient to deconvolute the factors influencing debris entrapment.
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Some observations concerning what this length scale might be can still be made. One possibility
is that the worn surface roughness could differ between the two experinentabsest this,

an optical profilometer (InfiniteFocus, Alicona, Austria) was used to examine the worn surface
profiles. Profiles were taken in the radial direction with start and end points approximately 100
Om away from the i nnaanulus.alinwhs detarmieed tha thg worno f t
aluminium surfaces were considerably rougher than the worn steel surfaces. This is illustrated in
Figure69, which shows a comparison between representative primaruynfadialpsofiles in 2

mm wide annuli. For brevity, only two profiles are shown for each material, but they illustrate a

general trend observed on several profiles in all three contact geometries.
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Figure 69 Four randomly chosen rdial primary surface profiles from 2 mm wide annuli (2 from steel and 2 from
aluminium samples).

A more detailed roughness analysis shows thatrttazyworn surface profiles are consistently
rougher in the aluminium annuli and also that the profilenesgincreases with annulus width
(seeFigure70).
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Figure 70 The relationship of Ra primary profile roughness and annulus width in steel and aluminium experimental
series

The derivatiomfeqn.7 assumes a Osteadyo6 flow of debri.:
that the rougher worn surfaces occurring in the aluminium annuli disturb the flow of debris. In

the steel annuli, no systematic dependence of wear was observed andsindas®nwas

relatively smooth with the largest particles obsdfigrdg68 having diameter several times

| arger than the vertical prominence of the
contactng surface apart, allowing smaller debris to pass more easily. The argument developed in
sectiond.2.2.2could then be expected to apply at least to some degree. In the aluminium annuli,
however, the surface wears to a muchhemuprofile, invalidating the assumptions of the
simplistic masow explanation that led tore@8 Comparing the roughness profileBigure

69with the debris sizes noted fréigure6s§, it is evident that the scale of roughness established

in the aluminium specimens is capable of locally accommodating even the largest debris particles

with room to spare. Debrli ipmrltarcgesvairaes td
large asperities.
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The notion that surface roughness can affect debris entrapment has been proposed in prior
studieq160; 161)with a threshold effect observed, where roughfiests enly occur when

the roughness parameter of the surface is large enough compared to the size of the wear
particles. Taking this into account, the differences observed between the two experimental series
can be explained in terms of material progetiosiwear into a particular morphology under the

experimental condition used.

4.2.3 Debris ejection constant and contact geometgummary
Wear of annular contacts made of EN1A steel and 6082T6 aluminium alloy was studied to test

whether wider annuli entrap awedebris to a greater degree, changing the debris ejection
constant as formulated by FI&B. The experimental results in steel rings showed no particular
trend in wear as the annulus width was changed. To explain the independence of wear on
annulus width, asimple model of the radial debris flow velocity profile was developed. In this
model, the average time from particle creation to ejection was found to be independent of
annulus width. Taking this time as a measure of debris entrapment explains tleatakperim
observation in steel rings. A second experimental series using aluminium alloy rings and a
different set of wear conditions was performed to test whether the model assumptions are more
generally applicable. The normalized wear in the second serelsasblear trend of decreasing

with the ring width. Based on measurements of the worn surface profiles we conclude that the
most likely explanation for the different wear behaviours observed is that the aluminium rings
wear into a much rougher surfaa#ifa, which influences the flow of debris to a greater extent,
than the relatively smooth worn profile of steel samples. This would cause the debris entrapment
to increase significantly with ring width in the case of aluminium alloy annuli, but tie so in
case of steel annuli. It should be noted that theiwsunface roughness is not a controllable
experimental variable, but rather adsgtrmined length scale likely to affect wear. A predictive
understanding of the factors affecting the wornuiface roughness is desirable, but not

currently available.

Thework presentetighlights the significance of both debris flow in wear and the worn surface
roughness affecting debris entrapment. To conclusively determine the influence of these factors,
it would be advantageous to obséneedebris flow during wearsity at the timef writing

no matureexperimental approach for doingrsmetalmetal contacts existed.
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4.3 Debris bed thickness and contact conditions
Having established th@ maydependon the interaction between debris particle size, surface

roughness and (at least in some circumstances) the length of the debris ejection path, we may try
to progress to questions concerriih@gnd Hnax Since the work of FI&B is relatively little

known, m studies on the factors influenciig. appear to have been made. Yet, this is an
important parameter in the model. Indeed, it is notvelwvanthe physical interpretationHofax

is. Is this the debris bed thickness at which point the largest asgeritieslonger come in

contact? Or the one where the internal friction of debris particles dissipates all energy and there
is none left to erode the first bodies? Or yet some third option?afideds® no data available

on how do contact conditions, sashcontact pressure, affdcndH max

4.3.1 Debris bed thickness and contact conditierisxperimental strategy and setup
Two sets of experiments were planned, with the experimental setup and approach identical to

the one described Bi2.6and4.2.2.3 In the first series, full aluminium rings were worn at
different levels of contact pressure to observe the total wear mass loss, the steady state wear rate
and measure the steady stateiglddadthicknessHs.» In the second series the same wear
conditions were used, but the number of cycles increased and the wear contact encased with a
pair of debrientrapment rings to deter debris ejection and thus hopefully enable the contact to
accumiate a debris bed of thickness close to theft.gf Two different ring widths (2 and 4

mm) were used. The parameters of the tests are giadsiad Constant frequency was used,

as the effects of frequency oeawhave been studied to some degree and it was not expected
that frequency would be the most important factor influeHgior Hmax The number of cyles

was chosen so that the contact would spend an appreciable amount of timestatsteady

which wa necessary for stestdte wearate measurements. Without debris entrapment rings,
steadystate wear was generally achieved in-2B000 cycles, showing the choice to be
appropriate.
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Experimental series

Debris ejection | Free Restricted

Annulus width | 2 4 2 4
(mm)

Internal 80 76 80 76
annulus
diameter (mm)

Number of | 5000 5000 10000 10000
cycles

Angular
ampl it ud

Frequency

(H2) 2 2

Nominal 495, 10.1, 14.5.17,9.95,15.4 | 4,95, 10.1, 14.1 5.17, 9.95, 15..
contact 21.4
pressure (MPa)

Accumulated
sliding distance 14300 27925
(mm)

Initial surface

Ra=0.7, R=4.4
roughne

Material

hardness 101 HV

Table 4: Experimental conditions used ininvestigationsof H.

4.3.2 Debris bed thickness and contact conditierdisaission

4.3.2.1Unrestricted debris ejection

In the works of Hintikka et.gB6; 109ijt was reported that in annular contacts, the total amount

of material removed does not increase linearly with normal force. The same reselves obs

in preliminary work performed during this project in 2017. It was therefore expected that a
similar pattern will be observed again, as it indeed was.
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Figure 71 Total mass loss as a function of normdbrce (debris ejectim unrestricted).

As may be observed kigure7l, the total amount of material removed does increase with
normal force, but only up to a point. Increasing the normal load causes smaller and smaller
increases in themount of total wear, with wear becoming independent at sufficiently high
levels. Since the total mass loss represents the loss in botbteteeaohd nosteady wear
regimes, this could be conceivably attributed to the change from one regime ta the othe
occurring at different times, thus causing different quantities of material to be removed, but this
seems somewhat fatchedit is expeatdthat the momentary wear rate is higher in the initial
stage of wear than in the stestdye and it seems profally unlikely that the onset of steady

state changed with normal load exactly so, as to balance the contribution of steady and non
steady parts to give comparable valuéstaifwear for the exact length of experimEinits
expectation is confirmed whexamining the steadiate wear ratehown inFigure72
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Figure 72 Steadystatewearrate (debris egress unrestricted)

As may be observed, the stestdie wear rate exhibits the sémleaviour as the total mass

loss. In annular contacts, beyond a threshold, the wear does not seem to increase with normal
force. This was first observed by Hintikka @naorkers(86; 109)but in the course of this

project i was also observed for EN1A steel, 6028 aluminium under a variety of wear conditions,
indicating that this is a general property of annular contacts. This requires explanation.

4.3.2.2Dependence of wear on normal fordanathematical explanation
The law of Fillg lordanoff & Berthier can provide such an explanation. Let the expression for

Qsanbe writtenas a function of wear parameters, assuming a full annular contact with a fixed
median radius. FI&B argue thaCi#> Cy, Qsw = Q andis described by the Amnldl wear law.
As Co>> Cymake<CsM+ Cq'a Cqt eqn.21 may be rewritteas

Q, (G Cd=CiHmax kKFyY 29
Wherek is the wear constafti t equals the Archardds wear
hardness)n the nornal force and; the relative sliding velocity of the wearing bodiem
this, the constarily can be can be expressed as

_ kP

Hma X

30

d

Thus, the expression for steathte wear rate can be produced, bingreins29 and30with
eqns20and21obtainng
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+Ce
Hmax

Thedependence amrmal forcd=, can now bénvestigatedt is obvious that the magnitude of
other parameters will haasignificant effect on the behaviour, making it necessary to establish
the ranges in which these are most likely to occtine lexperiments presented4i2.2.1
4.2.2.3and4.3.2.]1 the steadsgtate total wear rates observed in aluminium are in the range of
appr oxi mat. e&tkgs'qbigureay, Figure72. There is a highertaity that steady

state debris beds measur&1@ m in thickness, as ascertained by compressing the expelled
debris between steel plates and direct measurements. Rangesrtygicahtiary fretting

experiments are listedTiable5.

Parameter Typical range Source/explanation

Ce 10°-10% (m)

k 10%-10° (104; 10)

Vi 10310 (m/s) (95; 29; 31; 30)

L 10%10? (m) (1), other authors used simi
valueg85; 89; 86; 109)

Fn 10-10° (N) (1) and experiments in

sectiond.3.2.1used forces o
several TON; also (95; 40;

108; 30; 109)

Hmax 10* (m) Debris  bed thickness:
measuré are in 16-10* mm
range.

Table 5: Typical ranges of experimental parameters in laboratory fretting wear experiments

Inserting the general order of magnitude values int82gmableshe dependence ¢ to be
tested; a number of different combinations has been tried, with the values usedlsie6n in

and resulting dependencies showrigare73
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Line k V2 H max Ce

A 10° 10° 10* 10*
B 10° 102 10* 2a10
C 10° 102 10* 4a10
D 10° 10° 10* 10*
E 108 10° 10* 10*
F 107 102 10* 10*
G 108 102 2a10 10*

Table 6: Magnitudes of parameters used in traces Figure 73
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Figure 73 Steady state wear rate as a function mbérmal force according to eqn.32with the parameters fromTable 6.

Note the general similarity with the trend shovangre72 In all cases, the wear rate increases
asymptotically until reaching a value independent of normal force. In other words, the
empirically observed and hitherto unexplained independence of wear in annular rwontacts o
normal force can be explained in terms of principles of Fillot, lordanoff and Berthier, with wear
parameters typically encountered in laboratory conditions being of such order of magnitude to
produce a nedlat response to normal force at force letyglgallyused in the experiments
hitherto publishedt can also be observed that the value of the asymptote is governed by the
interplay betweeHm.xand C, with largeiC. (other things being equal) causing a higher wear

rate. This is consistent with eb&tions presentedkigure67and discussed in sectdi.2.3
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4.3.2.3Restricted debris ejection
The experiments described in secti@2.were repeated, but wighhigher number of cycles

to maximize the time the contact spends in sttaity and withhe use of plastic debris
entrapment rings in order to restrict (and hopefully completely prevent) ejection of wear debris.
The entrapment rgs had to satisfy a list of contradictory requirements: the fit between the ring
and the sample had to be tight enough to prevent ejection, but not enough to cause wear, the
entrapment ring had to be either extremely-ngsmtant or disposable, the hiag to be elastic

to enable removal after experiment should there be any burring of the samples. It was decided
thatpolyethyleneings are the most convenient, as the material could fit snugly over the sample,
but would not wear down the sample mateydtittion on account of being much softer.

Plastic was also judged (and proven in practice) to be sufficiently pliaiblereneoval of the

ring after experiment.

Just as in sectioh3.2.1the total mass losses and steddie wear rates were obtained. A
smaller number of samples were studied, since experiments running at relatively low or relatively
high normal loads repeatedly failed to run to compl&éspite extensive investigation, the

cause could not be identifiddtal mass losses are showigure74, steadystate wear rates in
Figure75 The final debris bed thicknesses, which are assumed to be Elasdaiothis
materiglare shown irFigure76.
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Figure 74 Relationship between normal force and total mass loss in wear (debris ejection restricted).
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As before, the total mass lost in wear is not increasing linearly withlosamadwever, the

number of data points is small. The fact that steady state webkiguaiee/ appears to
decrease with normal force could be explained by higher normal forces leading to smaller vertical
oscillations of the s®le. It is suspected that vertical movement of the sample against
entrapment rings contributed to leakage of wear debris. There appears to be little difference in
terms of total wear mass loss or ststatg wear rate compared to the experimesecion
4.3.2.1This could indicate that the entrapment rings were not very efficient at entrapping the

wear debris.
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Figure 75 Steadystate wearrates(debris ejection restricted)

The debris bed thickreesvas measured using the approach descriBe2l8nrhe measured

values are shown iRigure 76. Since the measured thickness depends on the extent of
entrapment obtainethe scatter of data can belakped through the variations in debris leakage
through the entrapment rings, which would depend both on condition of the ring, the
geometrical tolerances between the wear samples and the entrapment ring and possibly also on

oscillations of normal force nimned eatrlier.
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Figure 76 Debris bed thickness at the end aéxperiment(debris ejection restricted).

4.3.2.4What governs the maximum debris bed thickness?
HmaxiS the debris bed thickness at which no further particle detachmenj.ecevear, defined

as damage to the wearing bodies is totally supressed). Thiéogneggyto the contacin the

form of mechanical motion is thus completely dissipated in ways that do not cause damage
(delamination, cracking, plastic strainingati@n etc) to the wearing bodiisice the model of

Fillot, lordanoff & Berthier has received little attention in the tribolagioahunity no

previous studies on what dictates the magnitutte..ohave been identified. The original
authors demonstratéhat wear doedecreasknearlytowards zero with increase in debris bed

thicknes#d, but did not elaborate on the process or mechanisimgthissbehaviouto occur
Some hypotheses can be put forward however.

At | east ear |(Y04)aesr wasrintetpr@tedoas the resut oflcollision and shearing

of asperities. As the debris bed grows, the asperities are eventually unable to collide, since the
thickness of the wear debris bed is larger than the combined memitnence of asperities on

both wearing bodies. Based on this reasonirtgan be hypothesized that there exists a
connection between the roughness of thevpest profile and the debris bed thickness. This

hypothesis is easily tested by plottingd&t®is bed thicknesses measured as a function of
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surface roughness parameters. The results for the 2 mm wide rings are Blyue?in
results for 4 mm rings kigure78
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Figure 77: Debris bed measured (restricted debris egress) vs pagtar primary profile roughness for 2 mm wide rings
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Figure 78 Debris bed measured (restricted debris egrésgs post wear primary profile roughness for 4 mm widengs.

The results are at best inconclusive; in 2 mm FRigys€77) no trend is observed. In 4 mm
rings Figure78 four datgpoints for each parameter are bunched in a loose group, but there is
also a sigificant outlier in each casehe 6separ ati on of surface
confirmed at this point.
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The second hypothesis begins with the observation-sdidabe cracking patterns. Nurmi et al.
(62)provide an excelleexample of subsurface cracks in steel growing at an angle to the worn
surface, eventually forming doubkxige like structutes measur i ng s (riguee 100 Q
79. Similar development is reported 1)

Inverse pole
figure (IPF)
coloring key
(martensite, BCC)

(A).

Figure 79 Subsurface cracking in steg62). Main crack A), zoom to crack tips B) Zoom to the crack C).

In principle, if the frictional force acting on the surface of such double wedge is large enough,
the particle will lift itself up the incline against the contact pressure and be swept into the debris
bed.Consder an idealized example of a wear debris particle shaped like symmetrical double
wedgeRigure80). In order for the particle to slip out of position,distributedsheatractiong

must overcome the contact presgyrand the static friction between the particle and the first
body {) (friction force only applies to one sloped surface, since the particle is pushed away from

the other surfaceOnce the particle moves, it liftelitanto the debris bed, which can then

"
—

sweep it away.

Figure 80 Schematic of a double wedge wear particle
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The balance of forces is given by the vector ineqigaktyng the coefficient of static frictién
being the cdécient offriction for the wearing contgct

s ian fl
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Expressing the di s tpififobowihgandqualitre®canbe writtenct i on as

prCC')p—ZR t anf 34
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Expressingpfrom eq. 34andinserting intaegn 35the slip condition for the particle
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From eqn36it follows that particles will only lamoved from the points of their generation at

cerain combinations df,andThe | i mit case i s an0)iwhidhi nit el
will move only if the coefficient of friction for the contact is larger than the coeffictatic

friction for the materialn short, wear can onhk&aplace ife> f. Re a | values of a

than zero, requiring larger valuefg fofr wear to progress.

Detailed examination of this hypothesis is quite complex. While the coefficient of friction in the
contacs studiecchanges over the durationtloé experiment in line with commonly observed
pattern (see discussiorséttior2.2.9, it also changes over the course of one wear cycle. Due to

the roughening of the surface, the normal force oscillates as the surfaggsndid=ach other

and the loading frame is trying to compensate the vertical positioning accordingly. Every time
the direction of rotation is reversed, the residual elastic strain in the sample and wear rig needs to
be overcom This hysteresis caudes tnagnitude of the shear force to dip after each reversal.
This is shown ifrigure81
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Figure 81 Variation in normal force, shear force and friction coefficient in one steadyate wear cycle for a 2 mming
at nominal normal force of 7700 N.

In order to test the hypothesis, the friction coefficient values measured in the final 1000 cycles of

each experiment were averaged; results are stioguré82
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Figure 82 Debris bed thickness averageand peakcoefficients of friction for the final 1000 cyclesDebris egress
restricted.
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The average coefficient of friction over 1000 cycles is usually approximately 0.85, apart from
three outliers. However, therrasponding values of debris bed thickness vary considerably,
indicating that the magnitudes might not be linked. The peak coefficients of friction found in the
same set of cycles are however much larger, with only one value smaller than 1 (also shown in
Figure82. Most sources also agree that the coefficient of static friction between aluminium
surfaces is of the 1:0% rang€162; 163; 164; 16Which is significantly @ae 0.8. According

to the hypothesis, wear ought to be completely suppressed. However, examiriagons of
vertical position indicathat wear continues, albeit at a low rate. The large peak values of the
friction coefficient help to explain this conthdn: the wear rate is low, because the contact
spends a portion of time in a regime, where the coefficient of friction is sufficiently low, to
prevent the particles from being dislodged. The results are congruent with the hypothesis. There
even exists weak linear relation between the peak coefficient of friction in the last 1000 wear
cycles and the steady state wearHigier€33).
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Figure 83 Peak coefficient of friction and steadystate wear rate ir2 and 4 mm wide annuli (debris egress restricted).
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4.4 Towards a new wear modéloutcomes
Noting the conceptual strength of the Fillot, lordanoff & Berthier model, a series of experiments

was designed to examine their assumption that the length of thejdebon path influences
debris entrapmerin the processhe concept of average debris ejection time was introduced as
a quantitativemeasure of debris entrapment (secfi@n2.? which is to a degree a novel
development since entrapment was more commonly described only qualitatively, not
guantitativelylt was demonstrated that debris entrapment depends on the interplay of ejection
path length (which is linked to the contact geometry) and worn surface roughnesssand debr
particle size (which are s=dtablishing lengthscal@d)e importance of worn roughness as a
wearregulating parameter does not appear to be stressed or exploredyidieayt siegree in
previous published work&ccording to an extensive studyaweailable literature, thésalsahe

first systematic study of wear in annular contacts of different widths.

Focusing on the question of debris bed thickness, a series of experiments were carried out
determining the thickness of the wear debris liedaimg that wear is not linearly dependent

on normal force, an observation in line with several independently published works on annular
contactg86; 109)but so far lacking explanation. Applying the model of Fillotnédfdand

Berthier, it was demonstrated that the model reacts in a manner similar to the observed trends at
the values of parameters typical in experimental studigsotTdn$ygives additional credence

to the modelbut also appears to be the #rgbhnationproposedor the nonlinear behaviour

observed.

It was hypothesizethased on published observations of usaldace cracking in weé2)

that the maximum debris bed thickness could be caused by the growth aof diebrigeaed

limiting the dislodgment of debris particles due to reducing friction. The experiment was
impeded by imperfect debris entrapment (debris egress was restricted, but not completely
prevented), but the friction coefficient was found to osdillat¢ ween t he O6wear d
values. This is consistent with the low wear rates observed and could indicate the hypothesis is
correct.

The experiments presented are limited by typical limitations of traditional tribological methods.
Each data point regqes a separate wear experiment, which is conducted using samples of
slightly different composition, crystal structure and hardness and in different environmental
conditions, such as temperature and air humidity. This makes the process slow, resource

intensive and gives opportunity for many sources of experimental noise to appear.
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5 PILOTIN - SITU OBSERVATIONS OF WEAR 2
The indepth investigation of wear in annular conpaetented ichapted opens a number of

guestions. Whilén¢ thickness of the wear debris bed plays a crucial role in the FI&B model, no
real information was gathered about hioev bed actually looKkike, how are the particles
created or changed in it, what its local thickness might be etc. Likewise, FI&Badinte!

only material removal and ejection rates, but does not provide information about where the wear
might initiate or what the worn surface profile would be. Indeed, given the importance of the
surface profile on debris entrapment, identified irosekcf.2.3a method for observing the

profile while the wear is ongoing would be very valuable from the experimental standpoint. In
short, the outcomes of the experiments describechdpter4 indicate that additional
understanding of the processes involved could be obtained by observing the progress of wear,

without disturbing it.

5.1 The need to observe wear
In chapter4 wearwasstudiedmainly throuly exsitu, posimortem quantification with the

addition of odine measurementstbe forces and displacements involved, enabling-statdy
wear rates and coefficients of friction to be establiBhisdvasa very conventional approach
combiningprofilometry, microscopyetallography and other technig{#9to reveal the end
state of an individual wear experimentypical for the fieldTo study theprocess wear
repeated experimerase usually requiredth the wear process interrigot at different stages,
which is timeonsuming, costly and presents issues of repeatability (as ideewhstrated
by significant scatter in the data discussed in sdc8cdhland4.3.2.3

Seeing things that profilometers and weight scales cannot caphaefose of great
importanceto tribological studiesnd could change the very nature of the experimental
approach fim wearing many samples to observe their respectig@aimsdto olesving the
progress of wear on one sampke discussed in secti@r2.4 the most common method for
realtime insitu observatiaisnvear and other tribological phenomisntheuse of transparent
counterbodies(79; 78; 74; 16@ndGodet attributed his observations of wear of chalk against
glass as fundamental to the formulation of the-lbilgt concep(97; 77; 76Use of tically
transparent wear bodig®wever, introduces new variables associated with the material of the

counterbody and inevitably changes the nature of the contact.

2Chapter5is based onpaper of Aleksejev et al2)
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5.2 Utilization of penetrating radiation
X-ray imaging methods provide a potential altezsalivtionto this problem by enabling ron

destructive measurement with appropriate resolution. This was demonstrated by researchers at
the Materials Research Laboratory, Nanyang Technological U8er8ity 82; 83yho used

X-ray microscopy to investigatesitu the wear scars and wear debris beds in a variety of
contacts. Unfortunately etin worksappears to have passed unnoticed in the general tribological
community and hva not been develogdurther since.

Over the past twenty yeargay computed tomography has been put to a variety of uses in
tribology, including esitu measurements of worn profiles in(3B; 32; 34)n-situ observation

of Couette flow in granular mater{dl§7) exsitu(168; 169; 170; 171; 1&8Y insitu(173; 84;
174)investigatiorof fretting and rolling fatigue crack form and propagation. However, there
appears to have been no attempt to ussyXomography to image the actual wear zone with
the wearing bodies in contact. The closest studies found in the literature are by &ornuaul
Carpentief175)who obtained posteld tomographs of the welded zone in linear friction welds
and by Mandard et &.47)who used Xay tomography to observe the change in porosity of an
abradald porous layer caused by sliding aedralso to observe the morphology of individual
wear debris particles. However, this was desgueand no attempt was made to image the

wearing bodies in contact or observe the particles before they were @jetheddebris bed.

Based omhe successes of imaging cracks, ejected debris particles and similar small features using
X-ray computer tomograpb@T)it seemed very likely that the worn surface can be reselved in

situ using this technique. From the liteeaand from previous experimental experience it was
known that the worn surfaces are typically much rougher than the virgin(sesfaeetien
4.2.2.3and 4.3.2.% and the debris particles proddcrange from tens to hundreds of
micrometres in siZd76; 57)Since features on such scales have been resolvedragigrx

before success seemed certainoriaier to conclusively demonstrate the feasibilitgiod oc

ray CT for collecting observations of wear and strengthefutureresearch proposdbr an

in-situ tomographical imaging experimenta asynchrotron facility, amalscale imaging
experiment was devisesinganXradia Versa 510 micro CT sys{#eiss, Germaiy
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5.3 The experiment
The details of the experiment design and operation can be found irs $e8tiltand 3.3.2

Samples withnsannular contact of external diameter of 4 mm andahtkameter 2 mmese
used Figure 50A), as the relatively low brightness of theay source necessitated small
dimensions while thaxisymmetric annular geometry lends itself to simple image precessing
has been used extenlivilaroughout this workTo minimize imaging time furtharmaterial
with low Xray attenuatiofaluminium alloy 6082)&as chosernThis material is unlikely to be
used in any industrial application where significant wear is expected, but ashibiatmy la

scale proof of concept study, the direct applicability of results is not required.

5.3.1 The sample
Sample design is described in detail in s&8dnEach sample elememais mounted on the

sample holder usirggrub scre. Sample elements are locked together aguudycarbonate

clamping tuband a pair admall jubilee clig&igure50C).

5.3.2 Experimentalparameters
In total, five experiments were conducted, using the parameters shbablein The

experimental parameters provide variation of normal load, and distance slid (distance calculated
at the mid radius of the contact) which are two key parameters believed to influence wear in
accordance with Arahad 0 s(104) ahe expectation was that these parameters may influence

the morphology of the worn region.

Axialforce(N) Slidingtime (s) Totaldistanceslid (mm)
45 300 1884

45 900 5652

130 60 377

130 300 1884

130 900 5652

Table 7: Experimental parameters
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5.4 Imaging
The clamped sample was imaged using an Xradia Versa 510 micro CT system (Zeiss, Germany)

The voxel size of 2.470m was chosen as the s
available; tube voltage was set to 100 kV (tungsten target) and exposure time to 8 seconds per
projection to give a good balance of image brightness amd)itimg.The btal exposure time

was approximately 8 hours, wvilte output volume occupying approximately 2000x2000x2000

voxels.

5.4.1 Image processm
Image processing and 3D rendering was performed using Aviso 9.7.0 (ThermoScientific, USA)

and FIJI(177)image processing software.

Using Avizo software, a 3D representation of the worn contact can be made, dSgeen in

84 The tomograph consists easisre.t i By | supifedswi
region, the shape of worn sample is revealed. The resolution of the tomograph is sufficient to
show the extensive burring and scuffing, as well as particulate matter attached to the surfaces.

The 3D render provides an overvathe exterior of the worn sample.

Figure 84 3D render of the worn sample (axial height approximately 560 slices or 1.38mm). Normal force: 130 N,
sliding time: 300 s. A and E mark the positions of two axial slices, which&8e0 0 Om apart .

3XRadia Versa was operated by Yijun Lim, then student in the Department of Materials, University of Oxford.
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5.4.2 Axial slices the wear scaand plastic deformation
Axial crossections reveal the shape of the wear scar and the wear debris particles entrapped. In

Figure85 an axial slice is superimposed ern3t render of the worn sample, which has been
made translucent in order to show the relationship between the axial slice and the sample
geometryFigure86 showsaseries of axial slices giving an insight intdrthetse of the debris

bed; the positions of slices A and E relative to the sample are miaiduacksd.

Axial slice A is taken just below the wear scar and clearly shows the local increase in diameter
due to phstic deformation near the contact, despite the nominal contact pressureldeging

10% of the yield stfebe 6082T6 alloy. Separate tests using reciprocating annular contacts have
indicated that the extent of plastic deformatmneasestronglywith accumulated sliding

distance anthcreasig displacement amplitudehe extreme plastic deformation observed is
therefore creditetb the use of unidirectional sliding in the experiments dicussedhthere,

than smalamplitude reciprocation/frettin@Given the already low nominal contact pressure it is
unlikely that using smaller normal loads and longer accumulated distances would make a

mearngful difference in reducing the extent of plastic deformation.

Also visible in slice A are small crackeldping in theplastically deformed fringes of the

sample. Slices[B are taken from close to the centre of the worn region and show deep pits in

the worn surface, which appear across many slices. Also visible are wear debris particles that are
trapped inthe wear scar. Slice E is taken from above the wear scar, where the slice geometry is
almost unaffected by wear. Thin slivers of material can be seen outside the main body of the
sample; these appear to be the edges of thin burrs connected to the ssampke.oAaxial
crosssections can also be joined into a video showing the debris bed from the perspective of an

observer moving along the central axis of the contact.
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Figure 85 Axial crosssection in Avizo. Normal force: 130, sliding time: 300 s, sample elements made translucent for
clarity.

—_—
1 mm

Figure 86 Axial crosssections through the worn region; sections A and E correspond to positions showrFigure 84
Lighter areas represent metal, darker areas air. Axial dis
sliding time 300 s.

By examining each axial slice, the uppermost and lowermost point at which mechanical damage
to the surface of eadample element appears, can be determined. The axial distance between
these two slices defines a total depth of wear scar, that is, the axial distance between the bottoms
of the deepest surface pits on either of the contact surfaces. The total wgdhscaeasured

in this way are shown as a function of normal force and sliding distéigoeeBi”. The total

depth of the wear scar represents an upper bound on the debris bed thickness. Locally, the
debris bed ilbkness can vary from zero (first body contact) up to the total depth of the wear
scar. The wear debris bed thickness is of great significtmeEI&B model (sectior2.3.2

however, measuring the debris bed thickness witltetrupting the wear process remains
challenging with traditional technig{se® sectiofh.3.22).

~ 123~



In Figure87, a generally increasing trend of wear scar depth with distanaa bkdseen,;
somewhat unexpectedly lower normal load also led to a much larger total wear scar depth in one

case, however, as ofityited quantity ofdatawas collectedho specific relationshigan be

determined
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Figure 87: Total depth of wear scar as a function of normal force and sliding distance. Error bars show the absolute
error of measurement.

Extensve plastic deformation can be observed near the edges of the contact zone, with the
edges curling outwards. To study thenextethis deformation, axial slices are examined one by

one. Far from the wear region, circles are fitted to the outer and inner diameter of the samples.
The slices in the worn zone are examined and the diameter of the circles adjusted so that the
extremezdge of the metal region touches the edge. The change in diameter of both circles thus
gives a measure of maximum plastic deformation that has occurred at the inner and outer edge

of the contact. The results are showFfignire88
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Figure 88 Maximum plastic deformation at the contact edges as a function of normal force and distance slid

Such significant deformation is remarkable given the low nominal pressure.

5.4.3 Radial slices and radial stace profiles
Figure89 shows a radial slice through the worn region superimposed on the 3D render of the

sample. Radial slices can be made in any number and in any orientation, revealing the material
entrapped bateen the surfaces of the first bodies and severe roughening of the Bigifiages.

90 and Figure 91 show examples otypical radial sliseFigure 90 also showsthe Ines
representing the total depth of the wear scar on that slice, to help visualize the concept referred

to in sectiorb.4.2

An advantage in comparison to conventional metallography is that every part of the sample can
be vieved without damage to the debris bed or the sample. To give a direct comparison between
tomography and metallography, a sample element (worn at normal force of 130 N for 900 s) was
sliced using a diamond saw, mounted in resin and wet ground with alprasvepp@ 2500

grit. Figure92 shows the optical metallographs obtained alongside a corresponding tomography

slice from the same sample, displaying excellent agreement between the two.
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Figure 89 Radial crosssection in Avizo. Normal force: 130 N, sliding time: 300 s. Sample elements made translucent
for clarity.

Boundaries indicating the
depth of wear scar in this slice

Figure 90 Radial crosssection of the worn annulus. Normal force 130 N, sliding time 300Bepth of the wear scar
shown is less than the total wear scar depth, which is the difference between the highest and lowest point in the entire
contact.

500 pm

Figure 91 Radial crosssection of the worn annulus. Normal force 45 N, slidg time 900 s.
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Axis of rotation

Figure 92 Section comparison. Radial tomography slice (A). Optical metallographs of the same sample element (B,
C). Normal force 130 N, sliding time 900 s.

Radial crossections enable the direct visualisatidhe wear debris bed in a fashion not even
accessible to experiments with transparent counter bodies. While the concept of debris bed
thickness features prominently in the model of Fillot, lordanoff & BefFilgiee90-Figure92

reveal aathercomplex pictureoften the large gouges in the worn surface are simply empty,
sometimes the first bodies touch directly (local debris bed thickness being zero in both cases,
even i f the sur fpath smnetime the ddboszbednssshowrf to B@ ocomprised

of several large pieces filling the space between the first bodies etc.

From radial crossections, the primary surface profiles in the radial direction can be extracted,
by tracing the outline dfi¢ metal region, extracting the trace as a coordinate set and trimming
the set to only the contact surface. The resulting coordinate set can then be, at least in principle,
processed to giwtandardoughness measurements. However, the resolution omihgraph

wasonly approxhately2 . 5 OQm, making it i mpossible to
smaller than that. la practical sense, this limitaxdalysis only tthe assessment of primary

profile roughness. Higher resolutions are in principle possible, but require lomgetimesgy

and/or more advanced equipment.
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To obtain each roughness estimate, several profiles were taken and the average of their
roughness values computed. To compare the results with a conventional technique, two samples
were disassembled and the $aralgments scanned on an optical profilometer (InfiniteFocus,
Alicona, Austria), taking eight radial profiles in arbitrary positions on the relevant surfaces, and
the individual values averadedure93 shows theaoughness values measured for tests using
normal force of 45 N and a comparison with the Alicona data. This shows excellent agreement
between the two measurement methods, indicating that tomography can provide reliable primary
roughness dat&igure94 provides similar results for the tests using normal force of 130 N,
however agreement with the Alicona is less good in this case. For breviyraughriess

values are shown, although other measujeBf)Rcan be eadi |l 'y obtained as
and 0 upp egue93d andd-igure®94 rafento the position of the worn surfaces with

respect to the Xradia machine.

Based orthis limited data set, it appears that the roughness tends to increase with distance slid,
and hence, the development of the wear process. In contrast, changing the applied load did not

greatly affect the surface roughness.
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Figure 93 Worn Ra primary profile roughness obtained at normal force of 45 N. Error bars show standard error.
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Figure 94 Worn Ra surface roughness obtained at normal force of 130 N. Error bars show standard error.

5.4.4 Real area of coract
The real area of contact is of importance in wear as the location of greatest local stresses and

heat generatioflL78; 179; 180; 181h electrical contacts, the real area is of importance to
confact resistandd82; 183)

How is the real area of contact to be assessed? The real area of contact represents a contact
between the first bodies. Finding the real area of contact therefore involves finding)the area(s
where there exists continuity of the first body material (in this case metal) along the vertical axis
of the contact. Viewing the 6aird region of
the area where there is noi.airthe metal contingestraight through the wear zone. A similar
approach was developed independently by Fu @lphnd Zhang et a(184) but was

unknown at the time of the experimental work
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The process forlataining the real area of contact is the following:
x The 06aird tomogrFgwddSAy egi on i s obtained (

x The region is rotated so that it is viewed axiagyuré93). A nunber of irregular

shaped openings in the air region may be observed.

x A screenshot is captured and trimmed into a square with borders tangential to the edge
of the blue region.

x  The corners are filled in with a shade similar to that of the air region.

x  Threshdding in FIJI was used to isolate the areas representing the real area of contact
Figure9sC.

x The size of the black areas was calculated using FIJI as percentage of the entire picture.
x As the area of the picturekisown, the real area of contact lsaaxpressed in nfm

Note, however, that the limited resolution of the tomograph prevents accurate interpretation of
features smaller than approximately 2 Om. Si
gaps or sufficiently small points of contact to be misinterpreted, the computed area of contact
could be either an wunderestimate or an over
spanning the typical wear scar depéimsrelatively unlikely giieasurface roughness of tens

ofmi cr ons. I n contrast, air gaps of thickness
gap located close to a contact region is likely to be thin. This positive contribution increases with
the length of the contact arboundary. Given this, the resolutiglated inaccuracies are likely

to increase the apparent size of the contact area. In addition, cases where a surface asperity is sc
shaped, that the contact with the opposite surface lies outside the base otyhecasgeaot

be identified by this process, and similarly with certain convoluted surface geometries (see
discussion i(185). The contribution of this effect to the total inaccuracy cannot be established
conclusively, howaveepeating the imaging at several different resolutions could result in the

real area of contact observed showing an asymptotic trend, giving an indication of what the true
value might bédowever, it should be kept in mind, that the contact arealikedisto depend

on load applied to the contact.

~ 130~



Despite such limitations;rdy tomography appears to be the only reliable method for directly
estimating the real area of contact between rough/worn metallic bodies currently developed.
Although a varietpf computational methods for predicting contact area has been proposed
(186; 140; 187)jhey require experimental validation and quantitative area measurements to
verify their accuracy. This is reasonaldygbtforward for cases where the surface texture is
known and the surfaces otherwise clean, but difficult in the presence of wear debris and without
detailed knowledge of surface topography.

A B

—_—

1 mm

Figure 95 Views of the air region (A 3D render of the aifregion showing its general shape. (B) Axial view of the air
region; white areas correspond to axial holes in the air region. (C) Pgsbcessed image showing locations of direct
contact between metallic surfaces; the circle represerthe external diameter of the air region. Normal force 45 N,
accumulated sliding distance 1884 mm

The real contact area estimates (normalized with respect to the nominal contact area) are shown
in Figure96. In maost cases, the real contact area is less than 4% of the nominal area and the
distribution shown ifigure95is typical in that the majority of the real contact area is located in

a crescent shaped cluster of patdhes note that increasing the load increases the measured
contact area, though with limited data there is no observable trend in contact area versus
accumulated sliding distance. The results obtained are in line with the widely held expectation of
the realarea of contact being small compared to the nominalSanah.contact areas are
consistent with the FI&B model, which postulates that the wear process separates the wearing
bodies through the creation of the debris bed layer
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Figure 96 Normalized real area of contact as a function of normal force and sliding distance.
5.5 Pilot X -ray work - outcomes
The purpose of this work was to investigate and demonstrate the ability to collect observations
of wear of metallic components withdlisturbing the wearing contact. This was successfully
accomplished using-rdy tomography and the resulting -datawas shown to provide
measurements of total wear scar depth, surface profile, roughness, and real area of contact.
Despite the evident aahtages of Xay tomography in this application and extensive survey of

available literature, no previous studies of this type were identified.

It was demonstrated that the profile and roughness measurements were consistent with
conventional postortem &amination techniquesvhich is especially significant, since
measuring the worsurface roughness without disturbing the wear process is not possible
through traditional methodEhis approach opens the possibility to study the development of
surface roumness with wear (roughness being identified as a potentially significant parameter in
sectiord.2.3. It would appear that such knowledge is vital for denglmpdelspredicting the
development of roughness with wé&xher daa, which are difficult to obtain otherwisere
alsocollected; in particular, the total depth of the wear scar was assessed. By measuring the
growth of the wear debris bed and observing the behaviour of wear particles under different
conditions it woulde possible to test mathematical models of debris bed development and

study the effects of weeonditions on bed behaviour in greater depth. Measuring the total
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depth of the wear scar during wear is challenging with traditional techniques but readily
accssible by Xay tomography.

Zhang et a184; 185have independently proposed the userafyXomography for measuring

the real area of contact between rough metal surfaces, but the work in this chapter appears to b
the first application of this technique to contacts roughened by wear. Establishing what the real
area of contact is, how it changes with wear and how it varies through the wear cycle is of
interest in studies of electrical and heat conductivity thiteigbntactObserving where and

how quickly the wear process intiates in the contact and how it spreads through the contact area
is also of great interest and nearly impossible to positively determine in any other way but
through imaging, which (in cask noetaimetal contacts) requires the use of penetrating
radiation.

In principle, observing the real area of contact also has applications in studies of lubrication,
sincethe transitions between lubrication regimes are defined in terms of the areatof conta
between the lubricated surfaces. However, even with a very kaghsolrce such as a
synchrotron the imaging times needed for a full tomography are estimated to be of several
minutes(subsequently confirmed in practice, see s&cBpmvhich is impractical for such an
application. For the same reason, it is unlikely that a single cavitation event in lubricant film
could be observed, but tirageeraged distributions of vapour fractions in macroscopic cavitating
flows havébeen collectesliccessfull{i88; 189; 190)

In total, the outcome of this chapter is of immense importance as it indicates, that with
appropriate experimental equipment it would be possible to observgrbesmpbwear in one

wear sample, thus avoiding repeatability issues mentioned i ge&8ince Xays are already

used, it would be relatively strafginvard to expand the experiment usiagdiffraction to

study weainduced changes within the sample material. This would produce a very powerful
approach for studying wear and in particular for testing of models describing wear debris
transport, debris bed growth, TTS development etc. The following two chapteres tthescrib

expansion of the experimental techniques described here.
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6 PILOT X -RAY D IFFRACTION
The approach described in the chaptenables observations of geometrical changes in wear

(surface roughness, burring of the edggdetoe made. However, other changes also occur in
wear, namely the creation of the tribologically transformed std&eAs discussed in
section2.2.3 the TTS consists of fhggained recrystallized material and canuneeager 100

OQm in thickness. Its creation and behaviour
of contention. Zhou et a(54) argue that TTS creation starts, when the product of surface
pressure, surface sheaction and displacement increases beyond critical value. Since the
coefficient of friction in wear can easily increase by a factor of three or more in the initial onset
of wear, this would correspond to TTS starting to grow (perhaps very quickly) elumitigl th

stage of wear. Sauger et(%®)on the other hand associate TTS formation with an energy
threshol d: once a sufficient amount of fric;
gener at ed6. sdgreemem concerning the fate af TT&.i AccordifiXdTS is
continuously created, leading to a stst@adly thickness. According5d)TTS may disappear in

wear, depending on the conditionsvear (since thick debris beds may lower the surface shear
below the point of TTS being generated, but not supressing wear).

Given these incongruous observations, it would be advantageous to obserggul & iimy

wear. Since metallography is obvidnalyplicable in this case, diffractive methods can be used
as an alternative-rdy and electron diffraction have been ussdwern TTS with succeds?;

55; 54)since the equipment needed faa)X difraction is to some degree overlapping with that
needed for Xay computed tomography, the is the opportunity to apply both techniques at the

same time.

6.1 Proof of concept
The wear samples generated in the pilot tomography experiment could, in priéciple,deg c | e d o

for diffraction experiments. However, the samples were not designed for a diffraction
experiment and did not have a clear beam path: the beam would pass through the plastic tube,
both sides of the aluminium annulus and through the plastaghibecreating a multitude of
diffraction signals from various points. Instead, annular steel samples from the experiments
discussed in sectidr?.2..were reused. Samples had an internal diameter of 66 r2mand

thick wall; having been worn under different conditions, they experienced different levels of
wear (se€ablef):
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Sample name Normal load in Wear cycle Number of Total sliding

wear (N) ampl i t uwearcycles distance (mm)
1200N/ 91200 900 8 7800
2500 N/ 9 2500 900 8 7800
6 00N/ 90 600 900 8 7800
4000N/ 2 4000 2.5 1600 6900

Table 8: Wear parameters of the samples used in diffraction experiment

The shape of the samples médeery straightforward to create a geometry favourable to
diffraction, yet representative of the componensguna large ring segment was removed,
which was then cut in half and the parts stacked on top of each other with the worn surfaces
touching.The pair was clamped in a sample holder sitting perpendicular to the diffraction beam,
thus being in the same position as the components were on the wear machiresy bhanX

entered the sample from the concave side, with the detector being lodastecbouex side.

The large radius of the sample compared with the small diffraction region reduced the effects of
the sample curvature. The design of the sample holder is discussed th3&dtln position

of sample in theample holder and the path of the diffraction beam is shé&vwguig9d7.

Diffraction samples

K " Clamping blocks

Figure 97: Assembled sample holder (seen from the beam side) with samples. Red lines show the approximate
position of vertical diffraction scan lines.
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6.2 Experiment
The experiment took place on the 112 beamline at Diamond Light Source. Experimental hutch 1

(155)was used, applying a monochromatic beam with energy of 90 keV and a Rikdities3 X

2M plane detectpwhich measures 1475x1679 pixels in size, with each pixel beingGh72x172
According to(191)the mass attenuation coefficient for pure iron is approximately’@:&atm

X-ray energy of 100 keV. A mild steel (over 99% Fe) wall 2 mm thick would therefore absorb
about 54% of incoming-kays, with lasorptionbeing slightly larger at 90 keV. This was judged

to be optimal for the experiment.

The sample holder was aligned using a gamma camera and the centres of each sample noted in
the coordinates of the sample table. Two main sets of scans werege#dme scans over

the vertical centre line of each sample and 4 area scans that mapped a 1x2 mm area around the

centre of each sample pair. I n addition, SO0
observed. | n al | @mawas gsedameasurang @otharizotatiydan8® h a p e d
Q mvertically The beamwas movede r t i cal ly in 250m steps. The

setup in shown iRigure98A.

D

€

Sample o t

ﬁ e RS Beamsto c
Beam shutter | = B o A

‘ t

(6]

r

Figure 98 The diagram of the diffraction experiment seuup A) The closeup of a diffraction sample, the central line
represents the vertical line scan, the rectangle the area scan B)
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6.3 Results
Raw diffraction data was collected as a series of .tiff files showirfgattteodifings (example

in Figure99).

image_data[0,:,:]
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Figure 99 Diffraction pattern of undeformed bulkmaterial.

Azimuthal integration and preliminary data processing were performed using DAWN software
Figurel00shows the diffracted spectrum of undeformed bulk material.

Output

110

3000-
2500- /
2000-
1500-
1000-

500 |

q I:IA]
Figure 100 X-ray diffraction spectrum of undeformed sample material.

By comparing the spectrum Bigure100with materials provided by BhadeghB?)it was

concluded that the sample material is overwhelmingly consisting of ferrite. Correspondingly, the
very large first peak is related to the Iyi€atrplane. For peak fitting, the fitting region around

the 110 peak was iteratively adjusted until a satisfactory agreement was found between the
integrated spectrum and the shape of the peak generatedVegguaeak shape was used in

the first instace; if there were issues with the calibration or frequent noise spots a Gaussian or

another pseuddoigt profile was used as comparison.
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6.3.1 Preliminary examination of line scans
Figurel0landFigure102show the variation in position of the 110 diffraction peak and full

width at hakmaximum (FWHM) as a function of the vertical position within the sample.
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Figure 101 Peak position as a function of ertical Figure 102 FWHM as a function of vertical position )
position for the wear sample 4000ON/2am@Ppl. e 4000N/ 2. 5A.

The close agreement between the Pséoidp and Gaussian fit lines indisatieat the
variations obseed are not caused by differences in peak fitting. Occasionally, sudden changes
appear in the integrated signal (see the PSeigtdine inFigure102. The fact that these
changes only occur in one point at a eingk change in position (if they appear at all) with the

type of fit used, indicates that these outliers are caused by sporadic failures fitting peak
algorithm to process individual integrated spectra. As these outliers are not caused by any
physichprocess, they can be removed from the Batk position and shape both exhibit a
significant disturbance at the paint of the scan, where the wear surface is located, with

smaller, seemingly random, variations observed elsewhere.
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To confirm thatthe disturbance in the central region is not a random variation, ad hoc scans
were done, extending the length of the scan line to a total length of 8 mm, &&@eeh0B

and Figure104 Figure103shows consistent measurement noise in regions far away from the
worn surface, with a significant spike in the position corresponding to the worn surface.
Similarly Figure104 shows significant noise, with a sharp reversal, at the worn surface. While
several sharp decreases in FWHM are observed, these can be attributed to calibration, since they
only appear when using one peak profile, but nottiee The central disturbance on the other

hand, sees FWHM rise regardless of peak fit and is different both in shape and size compared to
the oscillations observed far from the worn surface. This shows that the worn region induces a
characteristic changethe diffraction signal.
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Figure103 FWHM f or the 4000N/ 2. Fiduredd Pgak positiani as erfunction of vertical
the scan line extended. Outliers have been removed. position forsample4 000N/ 2. 5A with the sc
extended.
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By plotting the FWHM profiles onto the same graph, we can observe effects of different wear
conditions.Figure105 shows FWHM as a function of vertical position for ail sgamples

studied. For example, the distance over which the peak broadening rises above the experimental
noise is similar in all three cases where very large amplitudes of wear motion were applied, but
smaller when a small wear displacement was usecars€lgnvthe magnitude of peak
broadening observed decreases with increasing normal load i.e. broadening is most severe in
sample 600N/ 900A (worn at 600 N), | ower i n
identical conditions, but using 2500 N) and mwelelo i n sampl e 4000N/ 2.5

and a lower displacement.

1200 N/92050A0 N/ 9
600N/ 20400000N/ 2
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=
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Figure 105 FWHM as a function of vertical position for all four samples. Outliers have been removed.
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In both cases a significant change is observed at thet.cdihe worn surfaces are rough,
making it impossible for them to contact fully, causing a part of the diffraction volume to be
unfilled. To assess the effect this has on diffraction results, we plot the peak area (which serves
as the measure of the mgey of the diffraction signal) as a function of vertical postigurd

106. As may be observed, the intensity of the diffraction peak drops by roughly 50%, but is still
well above zero and manual examinafidimeoraw diffraction patterns confirmed the presence

of a clear signal. This indicates that while the contact of worn surfaces does create partially
unfilled diffraction volumes, there is no completely empty volume. To observe the effects of the
partiallyfilled volume, the peak position and peak area are plotted on the sanfégynaph (

107 only the region close to the worn surface shown).
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Figure 106 Peak area as a function of vertat position Figure 107 Peak position and peak area for sample

for the sample 4000N/ 2. 800N/ 2.5A (focused on the in:
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An average of peak area values was taken in the region far away (>0.25 mm) froacéhe interf

| f data points where the peak area ®#guwei at es
108 and Figurel109 are obtained. While the large disturbance in petibrpa@scurs almost
exclusively when the decrease in peak area is EgyestlQ7 Figure1l09, peak broadening

occurs over a wider positional range, so even after fevhaleda points corresponding to

lower peak area, the increase in peak width remains clearly visible in three samples.

1200N~DBAO0ON/ 9 e Gaussian-modifieé— Gaussian
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Figure 108 FWHM as a function of vertical position Figure 109 Peak position as a function of vertical
for all four samples. Only data points where peak area position for sample 4000N/2.5A.
deviatesfromfaraway aver age by | es shovslrytate2pbidtsavhege peak area is more than
shown 2DZbel ow average
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6.3.2 Preliminary examination of mesh scans
The mesh scans are comprised of four | ine

beam size was used as in line scans discussed irbse&tiome mesh scans conclusivietmns

that the features observed in line scans are present throughout the volume of tirégseample.
110andFigurelllshow the distribution of peak area in two sampleswdheinterface is
clearly visible as a horizont al Obeltd of
noise occurring in the wearaffected region, the change is consistent both in position (relative

to the sample) and magnitude.

Figure11l0 Peak area in a 2x1mm region in sample 1200N/900A.
position.
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