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Summary

The thesis describes a numerical model for evalgdte variation of friction and wear of a
self lubricating bearing liner over its useful wdige. Self-lubricating bearings have been in
widespread use since the mid-1950s, particularlthénaerospace industry where they have
the advantage of being low maintenance compon&htsy are commonly used in relatively
low speed, reciprocating applications such as obstirface actuators, and usually consist of
a spherical bearing with the inner and outer elémseaparated by a composite textile resin-
bonded liner.

A finite element model has been developed to ptekeclocal stiffness of a particular liner at
different states of wear. Results obtained usimgrtfodel were used to predict the overall
friction coefficient as it evolves due to wear, alhis a novel approach. Experimental testing
was performed on a bespoke flat-on-flat wear tigsivith a reciprocating motion to validate
the results of the friction model. These tests wearied out on a commercially-available
bearing liner, predominantly at a high contact pues and an average sliding speed of 0.2
ms-1. Good agreement between predicted and exp#athyemeasured wear was obtained
when appropriate coefficients of friction were usadthe friction model, and when the

reciprocating sliding distance was above a critedilie.

A numerical wear model was also developed to ptedetrend of backlash development in
real bearing geometries using a novel approachul®egsom the wear model were validated
against full-scale bearing tests carried out elsgwby the sponsoring company. Good
agreement was obtained between the model prediciiod the experimental results for the
first 80% of the bearing wear life, and explanasidor the discrepancy during the last 20% of
the wear life have been proposed.
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1. Introduction and Review of Relevant Work

1.1 Introduction

This thesis investigates a computational approacbredicting friction and wear in self-
lubricating composite bearings, and compares thsltse of the approach taken with
experimental measurements. This chapter introdtieed$ield of tribology and the principal
applications of self-lubricating composite bearind®elevant literature related to both
composite bearing tribology and computational miiagglof dry-sliding and self-lubricating

bearings is also discussed in detail.

1.2 Tribology and Self-L ubricating Bearings

Tribology is defined as “the science and technolajyinteracting surfaces in relative
motion” (Department of Education and Science, 1966dpugh it can be more simply
described as the combined effect of friction, loation and wear. It is interesting that it is
only (relatively) recently that a term was createdrefer to a science that has existed for
millennia. Dowson (1979) discusses stone carvingsad in Ancient Egypt, circa 2400 B.C.,
showing the use of lubricants on sledge tracks,raatil rims on wheels to reduce wear are
evidenced as early as 2750 B.C. The most promigaahttruly ancient example of tribology
in history however is in the creation of fire. Batjgntly rubbing wood together, there is
evidence of man creating fire in a controlled fashilating back to 100,000 B.C. (Bowman et

al., 2009). In Greek mythology, fire was a concsflen from the gods by the Titan
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Prometheus, so it is fitting that the etymologytleé word tribology derives from Ancient
Greek, tribos-, “to rub”, and-logy, “knowledge of’. Prometheus was renowned for his
intelligence, and is the first of many names sirhjldamous for their genius who have
developed understanding of tribology. Leonardo Dxacks notebooks for example, dating
back to ¢1500, show that he understood that fricti@s independent of contact area, and

describes basic tests which are now used educHyi@a high-school level (Carnes, 2005).

Bearings have a similarly long history, with onetloé earliest examples of a recognisable
bearing design being the axles used in early whé@ig¢le Ancient Greeks used bearings
lubricated with animal fats in their ships, thoughthis case their under-development in the
field of tribology was to be to their detriment, the animal fats would catch fire due to the
heat generated by the bearings, destroying eritips.sThe invention of the roller bearing is
often attributed to Da Vinci, though this is inat as the earliest example was found on the
Nemi ships of the Lcentury A.D. (Rossi et al., 2009). Da Vinci is exer credited with the

first use of bearings in an aerospace design (UPSBG 2012).

Leonardo used rolling-element bearings in his designd while the aerospace industry did
not “take off” until the late 18 century, the use of rolling-element bearings iropknes and
helicopters remained common until the 1930s. It whaghis time that the use of self-
lubricating journal bearings was proposed, in tbrenf of oil-filled sintered bronze bearings.
While the overall life-span of these bearings wassl|than that of their rolling-element

counterparts, they required no maintenance ovar tife, as opposed to rolling-element
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bearings which require re-greasing at regular vatisr In addition, rolling-element bearings
require a sufficient amount of rotation to disttdudhe lubricant, and in applications with a
limited degree of oscillation, rolling-element biegs can quickly become dry in the contact
area, and suffer damage in a limited section ofttbaring track (Bell, 2013). The oil in
sintered bronze bearings was saturated into thespafrthe bronze, and required high speed
rotation to “draw out” the oil, making them unsuia for the many low-duty, low-speed
reciprocating motions found in aircraft. Polymeunjoal bearings were a more useful form of
self-lubricating bearing for the aerospace indug®glymer journal bearings similarly did not
have the same operating life-span as rolling-eléntagarings, but offered two key
advantages over their bronze counterparts. Fitthidy were lightweight, a very serious
consideration in the aerospace industry where weaigh affect top speed, fuel efficiency,
manoeuvrability, and in some cases whether orhmaeroplane can actually take off (Allen
& Bell, 2013). Secondly, they significantly increalsthe aircraft maintenance interval, i.e.
the number of hours an aircraft can be flown beforeeds “servicing”, as the bearings only
require attention when they are replaced at theoénideir life. With the cost of grounding a
helicopter and servicing the bearings estimate&B&;000 (Bell, 2012a), and other estimates
putting the cost of maintaining an aircraft as mdtlof its overall lifetime operating costs
(Lancaster, 1982), increasing the maintenanceviaterf aircraft represents a very significant

cost saving.

A problem with early polymer bearings was theiresgth, or lack thereof. The use of
materials such as Nylon and PTFE provided lowitict but they could not support heavy

loads. This meant their use was limited to low-l@ggblications within aircraft. The use of
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composite materials in the 1950s created bearirigshvhad the low-friction characteristics
of the pure polymers, but with much higher loadrbrepability. Their areas of application in
aircraft quickly increased, and they are now foimthany areas where there is a high degree
of reciprocation, or infrequent usage. Figure 1lhbwgs applications of self-lubricating
bearings identified by Lancaster (1982) in bothefixwing (aeroplanes) and helicopter

applications, including a magnified schematic @& épplications in a helicopter main rotor.
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specifically in the main rotor (middle) — and a ado fighter jet (bottom) (Lancaster, 1982)
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The use of self-lubricating bearings in fixed wiaigd helicopter applications generally falls
into two categories. Firstly, parts such as landjegr and load bay doors are subject to high-
load and very low frequency use, and thereforeuaseiitable for lubricated bearings, which
require regular movement to maintain full-film lidation. Secondly, components such as
control flaps and rudder actuators are subjecighen frequency movement, but over a very
limited travel and often in a reciprocating motidmdeed, as aircraft become more complex
and increasingly manoeuvrable, the frequenciestathwthese control flaps have to move
increases. While the speed and frequency of cofflapk adjustments is increasing, the
majority of fixed wing applications are considetedbe at the high-load, low-frequency end

of the spectrum of self-lubricating bearing apgimas

In helicopter applications, there are again twoegaihcategories into which the use of self-
lubricating bearings fall. Firstly, in main rotgpg@lications, the bearings controlling the attack
angle of the rotor blades are subject to mediurdda a medium frequency range (relative
to the spectrum of aerospace applications). Tadrso from which helicopters derive their
stability, are subject to low loads, but at vergthirequencies, as adjustments are constantly
made to the angle of attack of the blades on tha,rand the rotor spins at a much higher
speed. A summary of the applications and their atpmral parameters is presented in Figure
1.2. This summary is not all-encompassing, as thezesome areas in both fixed wing and
helicopter applications which fall outside of thendted region, but it serves as a general

overview of the area.
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Figure 1.2 Summary of applications of self-lubricating linensd their operating parameters
(Bell, 2009)

“Spherical plain bearings” are particularly usefgimpared to journal bearings as they can
tolerate misalignment between the axis of rotateond the axis of the housing. These
misalignments can be a result of design, asseroblgeflection under load. A spherical plain
bearing is shown in Figure 1.3, along with a schtershowing misalignment direction with

blue arrows, and rotation with a red arrow.
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Figure 1.3 Spherical Plain Bearing showing oscillation offsffiaed to inner ball in rotation
(red) and misalignment (blue) (Made in China, 20BKF Group, 2010)

Self-lubricating spherical plain bearings generatigorporate three components — a metal
inner ring and outer race, and a self-lubricatitiget” between them, illustrated in Figure

1.4. The liner is bonded to the outer race sottiasliding interface is between the liner and

the inner ring.

Outer Race

Inner Ring

Self-lubricating
liner

Figure 1.4 Components of a self-lubricating spherical pladéating (Bernard, 2011)
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The applications of self-lubricating bearings aw hmited to aerospace. Most forms of
transport, including automobiles and trains, incogpe some self-lubricating bearings, as do
marine applications and power generation. Increghginmanufacturing and processing
industries benefit from the cost-savings that can realised by reducing maintenance

intervals through use of self-lubricating bearings.

1.3 History of Textileliners

With a variety of industries using self-lubricatibgarings, and a wide range of application
conditions within each industry, a “one-size-fits-aelf-lubricating bearing material has not
proved to be feasible. PTFE was often used inlsbteating bearings due to its very low
coefficient of friction, though this is only true law sliding speeds or high loads (Santner &
Czichos, 1989). At low loads or high sliding speadsoefficient of friction as high as 0.3
may occur, which does not distinguish it from matiyer polymers. PTFE alone however is
unable to support higher loads (Lancaster, 198)essitating the introduction of some form

of reinforcement.

Ampep Ltd. was founded in 1963, and supplied sdifitating bearings predominantly to the
aerospace industry. In the mid 1960s one of thew product lines incorporated a self-
lubricating liner called “Fiberslip”, produced byveeaving process. Two yarn types were
included in a two-layer warp providing lubricatiand reinforcement properties. The “warp”
of a fabric consists of the yarns which are hajtttin the loom, while the “weft” threads are

passed over and under them. Figure 1.5 shows anpbdxaf a woven material on a loom,
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with the warp and weft yarns highlighted. Note tthes$ is not a bearing material, and that the

image is chosen for illustration purposes only.

10
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Figure 1.5 Woven material on a loom with warp and weft yarighlighted (Eto, 2008)
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A yarn can be either mono-filament or multi-filantheA mono-filament yarn is a thread
made up of a single strand of a fabric type, faregle a fishing line. A multi-filament yarn
is made up of many strands of the same or diffefiaric types, usually twisted together, as

shown in Figure 1.6. A prime example of a multafilent yarn is a rope.

Figure 1.6 Multiple filaments (left) twisted to form multi-Biment yarn (right) (Siede, 2012)

1.4 Woven Fabric Bearing Liners

Ampep carried out an investigation into improvihg performance of “Fiberslip” by varying
the proportion and location of the lubricant anshfi@cement yarns in a woven fabric. One

of these variations is the basis of this investigatand will be referred to as the test fabric.

The stiffness of the test liner was tested by Karri(1978) using disc shaped samples of 25.4
mm diameter which were tested up to a load of 4000k a pressure of 197 MPa. The results
presented in the report however show only the tferes of the stress-strain variation for the

materials tested, not the individual data poineniigett (2008) conducted a similar test, with

12
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samples of area 628 nimand a pressure of up to 400 MPa. In this testjritividual data

points for stress versus strain were given. Twarcitiffness phases were apparent, with the
liner elastic modulus increasing by a factor ofrfati high loads. Neither of these values
agree with the earlier work of Harrison (1978). Hwer, as the raw data for this test is
available, and the tests were carried out on maadlet samples (therefore minimising the

effects of any exceptional features), these resméssiewed as more reliable.

1.4.1 Perfor mance of Polymer Self-lubricating Bearings

The majority of the tribological investigations anthe performance of self-lubricating liners
was carried out in the late 1970s and early 1980kadmcaster and Play. Play was a French
tribologist at the Institut National des Sciencggpliquées de Lyon, and Lancaster worked
for the Royal Aircraft Establishment (RAE). In atiloin to the papers published by the two,
Lancaster produced a series of technical reportshi® RAE on the subject. While these
technical reports are not peer-reviewed, much efittiormation presented in the journal
articles stems from them, with any information ofrenercial sensitivity removed, and are
therefore referred to in this review. This impotthody of work still contains the majority of

available knowledge on the subject of self-lubimmgtiners to date.

Lancaster, in his role as an aerospace enginees, pradominantly concerned with
comparative testing of self-lubricating bearingehis available in the later 70s, to determine
their suitability for applications in military agstanes and helicopters. Lancaster (1982)

identified that full-scale bearing tests under @egi set of operation conditions (known as

13
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demonstrator tests) would only show the performasfca self-lubricating or “dry” bearing
under those exact conditions, and were unsuitabiievelop an understanding of why certain
materials performed better than others. In addito the range of operating conditions
possible in aircraft, there was also a range osiptes surface finishes and coatings applied to
inner rings. Beyond these application parametéss,rifluence of environmental conditions
such as temperature (King, 1979) and humidity (Mar@ Plumbridge, 1987) have been
shown to have a significant effect on the perforoeaof self-lubricating bearings. The effect

of some of these factors is discussed in this enapt

For aerospace hardware, SAE International publispesifications to prove the suitability of

a bearing for a particular application. Specifioa AS81819 and AS81820 define the test
conditions and minimum performance requirementsiired for bearings to be used in high-
speed and low-speed applications, respectivelycdmply with these standards, often a
number of bearings must be tested under a giverofsebnditions to simulate certain
operating conditions, requiring bespoke test bemdched often a testing period of many
months. Suitability is usually indicated by a mawim wear depth allowed after a given
number of cycles. Tests were carried out with anlvear measurement to sense the wear
depth over the life of the bearing. These resuitsdt account for the deflection of the liner
under load, but they show a general pattern of vbedaviour over the life of a bearing.

Figure 1.7 shows an example of these results.

14
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Figure 1.7 Example of wear progression of a self-lubricatipgexical plain bearing

King (1979) tested a range of self-lubricating miate and noted a similar pattern of high

initial wear rate transitioning to a “steady-stategar rate which was considerably lower. He
described this transition point as a “knee”, andilevithe pattern was similar between

materials, he noted a wide range of “knee” deptith steady-state wear rates between the
materials he tested. Figure 1.8 shows the commaxdgpted progression of wear depth in a
self-lubricating spherical plain bearing, with tereones shown (Dayot, 2011). Zone 1 is the
wear-in of the bearing, zone 2 is the steady-stat@ of the bearing, and zone 3 is the wear-

out. The “knee” described by King occurs at thasiton between zones 1 and 2.

15
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Wear

Depth

Cycles

Figure 1.8 Typical wear depth progression over life of a selfricating spherical plain

bearing (Dayot, 2011)

It is hypothesised that the transition in wear raggdween zones 1 and 2 is due to the
development of a PTFE “transfer layer” (Yang et @D09), discussed later, leading to a
significant reduction in wear and friction. Thertsétion between zones 2 and 3 is similarly
hypothesised to be due to the breakdown of thissteast layer due to cyclic stress and plastic
deformation (Yang et al., 2009). This transfer tageessentially the inclusion of PTFE wear
debris between the surface asperities on the noatahterface, reducing the effective
roughness of the counterface (Briscoe et al., 19B83coe et al. (1988) tested pure PTFE
pins sliding on metal counterfaces, and observatidvelopment of this transfer layer starts

very early in the wear life, in fact from the fisgcle i.e. the first generation of PTFE debris.

Lancaster concluded that a means of screening fateself-lubricating materials quickly

16
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was necessary, as full-scale bearing tests weretito@-consuming to be useful to aid
technology development (Lancaster, 1982). Lancad¢sised an apparatus which would
create Hertzian line contact stresses betweeratimgtmetal cylinder and a reciprocating flat
strip of bearing material (Lancaster, 1979), andhalestrated results across a range of
materials which exhibited a similar form to Figute3. He noted considerable differences
between the performance of different materials. EMav, he was unable to extrapolate these
results to full-scale bearing tests as insufficidata were available to him on the range of
materials tested. Lancaster identified a rangdtoasons which can lead to over- or under-
estimation of wear performance. For particularlygio surfaces, he stated that sample tests
underestimate the initial running-in period, aneeffwhich increases with load. He also
stated that, for composite materials, the sampte should be big enough to contain a
representative proportion of all materials in tbhenposite. The operating conditions to which
the bearings are subjected have a significantenfie on performance. Higher loads can lead
to increased wear rates, as can increased sligeegds, though Pihtile & Tosun (2002) point

to load as the more influential parameter.

17
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1.4.2 Counterface

Lancaster (1982) noted significant increases wspan of bearing liners when counterface
roughness was reduced. He found lifespan increaked roughness was reduced from 0.65
pm to 0.20 um roughness average (Ra), and again veakiced to 0.05 um Ra. He found
that the effect of reducing the roughness evenhéurtto 0.015 um Ra was however

negligible, a result which corroborated informatfosm industry at the time.

Kennedy et al. (1975) investigated the factorscifig the wear of polyethylene against a
steel counterface. They found that wear rate @dsese when moving from a very rough
surface to a smoother surface, but found a pointheth increasing the smoothness of the
surface further actually increased the wear ratethé case of polyethylene on steel, they
found this roughness to be 0.1 um Ra. Surprisirtgby also found the coefficient of friction

decreased with increasingly rough surfaces.

Lancaster (1981) discussed the effect of counterffacdness on the wear of the counterface.
In the case of hard counterfaces, there is litled surface modification of the counterface
over the wear life of the bearing liner, and therefinitial and steady state wear rates are
affected by the magnitude of the initial roughnésghe case of softer counterfaces, there is
extreme abrasion of the surface, and thereforeasainfoughness can increase over the wear
life of the bearing liner, thereby increasing theaw rate. When a medium is interposed
between these however, such as the Cu-10% Al alhaye is the possibility of the surface

roughness decreasing over the lifespan of the togdiner, leading to lower wear rates. All

18
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these effects however are severely dampened bprdsence of a “transfer film” of third

body particles, which reduces the effect of surfacghness on wear rate.

Lancaster (1982) discussed the wide range of saidaatings used by industry for the inner
ring component in self-lubricating bearings, andtptates that different coatings could cause
different tribological mechanisms to take prece@enwhich could also be affected by
operating conditions. Holmberg et al. (1997) brakewvn these dry sliding tribological

mechanisms into four types — macromechanical, mieghanical, chemical and material
transfer. Dependent on load, sliding speed, tenymeraand environment, the main

tribological mechanism can change with the samepisioounterface pair, thus changing the

performance of the counterface under different aijreyg conditions.

1.4.3 Bearing Geometry

Play and Pruvost (1983) looked at the relationdigween cylindrical bearing (journal
bearing) tests of a self-lubricating composite aptierical bearing geometry. They used a
PTFE- and Nomex-fibore woven composite with a phenoésin. They noted that both
cylindrical and spherical geometries exhibited dased coefficients of friction with
increased load. They noted that if the averageacbrjpressure in spherical bearings is
adjusted for the real contact area as opposectagparent contact area (which they propose
is 1.5« larger than the real contact area), the relatipnfletween contact pressure and
friction coefficient is the same for both spherieaald cylindrical geometry. This they believe

explains the small coefficients of friction exhddat in spherical bearings compared to
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material tests. They also propose that the lowearwates found in spherical bearings
compared to cylindrical bearings are due to the enment of the wear debris generated. In
both cases, the debris moves from the heavily badae to the unloaded zone. In the case
of a cylindrical bearing with a line contact, tlmsgration often takes place axially, and the
debris is ejected out of the sides of the beatimghe case of a point contact in a spherical
bearing, the debris has to move through an unloagigidn of the spherical bearing before it
reaches the edge, at which point there is littlparative for it to move further and so it stays
in the bearing. This hypothesis is supported bydieervation that spherical bearings show
very little change in overall weight after testimgmpared to their cylindrical bearing

counterparts.

Play & Pruvost (1983) also investigated the effgfctonformity on bearing wear rate. They
tested three bearings — one with normal closedol® conformity (g), one with an
increased closed shape;Y@nd one with an increased open shapg, @ shown in Figure
1.9, with the results displayed as bars, with firead of results shown as blocks at the top of
the bars. Figure 1.9 shows that when the conformég reduced in either a closed or open
shape, the wear rate was decreased considerahyy&HRrruvost do not offer any explanation
for this feature, other than as an indicator timadls changes in bearing geometry can have a
considerable influence on the lifespan of the ImgariThey also noted that reduced-
conformity bearings exhibited a significantly inased no-load torque, but they did not

attempt to correlate the two findings.
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Figure 1.9 Effect of normal conformity and load on linear stgatate wear rate in spherical
geometry (Play & Pruvost, 1983)

1.4.4 Environmental Conditions

King (1979) investigated the behaviour of sevemnmercially-available self-lubricating

bearing liners at ambient and elevated temperaturesder to develop an understanding of
how these conditions can affect performance. Ait@amponents in extreme environments
can be exposed to temperatures in excess ofCl0énd temperatures in this range can
significantly impact the tribological and structurperformance of polymers (both

thermosetting and thermoplastic) used in self-kdiing bearings (Yang et al., 2009). Yang
et al. (2009) investigated the effect of a crititahperature on woven liners, but in this case
discussed the effect of surpassing the reinforcértransition temperature of PTFE in a
PTFE/Kevlar/Cotton liner reinforced with phenoliesm. They noted deterioration in the

wear resistance of the liner once this temperdtak been exceeded, but failed to quantify
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the extent of the reduction in wear performance.

King (1979) adopted an early version of the tesapgaratus used by Lancaster (1979) to
generate a reciprocating line contact. He showatl @h increase in temperature to AD0
above ambient could increase the wear rate of sonaerials, particularly those
incorporating reinforcement and other inorganiceariats in the weave pattern, by a factor of
10. Evans (1978) noted a similar pattern whenrtgdiTFE composites, and attributed this
effect to the increased temperature hindering teation of a PTFE transfer layer. Lancaster
(1981) also attributes the temperature-dependéettsefto the formation of a transfer layer
being inhibited, and postulates it may be due #ordduction in either cohesive or adhesive

forces at the third-body/wear debris interfacel@taed temperatures.

While some materials do show temperature-sensitivitheir steady-state wear rates, King
(1979) found that the “knee” depth of some matsrialas not dependent on ambient
temperature. King was also not able to extrapdia¢se results to a prediction of bearing
performance, as he noted that some materials wigdiormed well in his testing conditions

did not perform as well in full-scale bearing testsd vice-versa. In addition, he noted that
little data were available on full-scale bearingt$e as these are for the most part often
carried out by bearing manufacturers for developeaterials and not for experimental

materials which are still in development.

Floquet et al. (1977) identified contact interfateenperature as one of the key factors

22



Chapter 1: Introduction and Review of Relevant Work

affecting bearing performance, and created a nwalemodel to understand the influence of
certain bearing design decisions. They found thatihterface temperatures were highest
when the bearing was subjected to a reciprocatiogjom compared to a uni-directional

rotating motion, and when the bearing liner waadhi¢d to the rotating shaft instead of the

static housing (Floquet & Play, 1981).

Humidity is another factor in bearing performanpeyticularly seen in “bearing torque”,
which is the torque of a bearing under no load.sTias been noted to vary for the same
bearing day-to-day at very similar ambient tempees, and this is often attributed to
variations in humidity (Bell, 2012b). Morgan andulbridge (1987) investigated the effect
of humidity on the ultimate tensile strength, in@ion recovery and bearing torque of a
woven composite. They used an apparatus housesaladshumidity cabinets to undertake
tests, so they could vary the humidity of the emwment. They noted that the ultimate tensile
strength was reduced by approximately 25% when titynivas increased from 20% to 80%,
and that specimens under lower humidity conditiexisibited more deformation under load
than in higher humidity conditions. This would iodie that the strength of the material is
reduced under high humidity conditions, while itéfrsess increases. They rationalised this
discrepancy in that the reinforcement componentsiclw are the greatest factor in the
strength of the material, become weaker when exptisenoisture, whereas the swelling of
the PTFE component under higher humidity leads maoge tightly packed structure, which
increases the overall stiffness. In addition, theted that bearing torque was approximately
30% higher in bearings at a humidity of 80% thar2@%. Importantly, they noted that the

material took around 20 hours to respond to a ahamdpumidity, meaning it is not affected
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by short-term changes in humidity. They discussrét&tionship between bearing torque and
humidity proposed by Kuhn, but show that this telaship gives an estimate of bearing
torque that is an order of magnitude too large, aadclude that there are not enough
available data to propose their own relationshipeyl also conclude that the effect of
temperature variation on bearing torque could lebated to the associated variation in

humidity due to temperature change.

The effect of humidity on wear rate was investigatg Moreton (1983). In sample tests, he
noted no influence on the wear rates of materidtls umidity in the range of 0.1% to 90%
when the tests were loaded under a line contadalitons, however, he noted increases in
wear rate up to 26 with some of the same materials in a point contadtile others
maintained their insensitivity. In contrast to Marngand Plumbridge (1987), he observed no
effect on friction coefficient due to humidity ldvéle found the materials most affected by
humidity were polyamide, graphite and Aramid. Gigptwas particularly susceptible to
increased wear when near 100% humidity occurredcamdiensation began, leading to an

increase in wear rate of 45

Much work has also been undertaken on the effecbonfamination of bearings by fluids, as
this is often an unavoidable operating conditioar(taster, 1982). Bramham et al. (1980)
identified a range of fluids which were detriment@albearing life, but found no trend for

predicting the effect of an untested fluid basecadmown property, such as viscosity. They

also found that some mineral oils gave improvedgoerance. All tests were undertaken
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however at one sliding speed and load, therefarantuence of different fluids could very

easily have varied under different operating coads.

1.5 Tribology of Dry Sliding

The Laboratoire de Méchanique des Contacts (Latwyratf Contact Mechanics) at INSA,
Lyon, carried out a large amount of work on frictiand particularly wear of dry sliding
materials. In their paper of 1980, Godet et akrafit to apply some principles of lubricated
tribology theory to dry sliding, particularly witlegard to the formation and transport of third
body debris. In particular they highlight the emdy of the effect that third body debris can
have on the wear rate of a dry sliding system, deget on whether it is entrained within or

ejected from the contact area.

The principle of wear proposed is that a third baglyormed from wear debris within the
contact through some wear mechanism, i.e. adhesiabrasion, which is then progressively
removed from the contact area (Play, 1985). Themel of wear is therefore the volume of
debris lying outside the contact area. Dependinghenmaterial, the debris can also form a
“third-body film” or transfer layer. The thicknes$ this transfer layer depends on the amount
of wear debris generated and the ratio of the condaea between a sample and the
counterface and the length of the counterface. $&&ns fairly obvious, as if it is assumed
all wear debris becomes a transfer layer of unifdniokness, the thickness of the layer will

be:
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wear volume (1) / total contact area over a cycle?jm thickness of transfer layer (m)

Play (1985) noted that the transfer layer is notoum, and tends to be thicker towards the
centre of the contact. This is explained by Godeale (1980), who discussed how wear
debris can only be ejected from the edges of aactrtherefore debris entrained in the centre

of the contact cannot easily be removed, as in™Wtrication theory of un-sealed journal
bearings. Play (1985) also noted that the coefftodé friction and wear rate is considerably
lower in oscillating motion than in uni-directionsllding, a finding supported by Lancaster et
al. (1982). Play (1985) described contacts in teofing Mutual Overlap Coefficient (MOC),
defined as the ratio of the contact area of thepsano the total contact area of the
counterface traversed by the sample. Play testecffiect of MOC using chalk pins on a
glass counterface. When the vertical displacemémat pin is compared with time, a curve
very similar to that observed by King (1979) isrgseeith three distinct phases. The running
in period is, however, much shorter as a proportiboverall test duration. They noted that
wear rate is reduced when this MOC ratio is highsifart stroke length) but the friction
coefficient is increased. However, it is importemnote that both these values are taken from
the final “running out” part of the wear curve, andt from the steady-state period. These
effects cannot therefore be directly compared Withliterature on bearing liners, where wear

rate and friction coefficient are typically takearohg the “steady-state” phase of their wear

curve.

The development of a third body transfer layertistated to lower wear rates, and this is

described as a “self-protective” feature of drylisiy materials (Play & Godet, 1977). Play

26




Chapter 1: Introduction and Review of Relevant Work

and Godet (1977) described this self-protectivaufeaas dependent on the length of the
contact normal to the sliding direction, and indegent of the width. They proposed a model
with two contact zones, as seen in Figure 1.10ntdkam the paper. In the “frontal area”
(denoted Al on Figure 1.10), wear debris is forrbgdinteraction with asperities of the
counterface, and the debris fills the gaps betviherasperities. Excess debris then forms a
third body film on top of the counterface, and thetion and wear of the “eye” (denoted A2
on Figure 1.10) is governed by the interaction leetwthe sliding material and the third body
layer, the wear of which can be described as ashinlg” effect and significantly lower than
that encountered by the first zone. The third biiidy in the second zone will “lift” the front
zone away from the contact slightly, reducing tha&dl carried by this high wear region, and

therefore the overall wear rate of the contact.

{rontier £
" A2 eye

Al frontat area,

tront

Direction of travel
p—v—y 1.66 mm

Figure 1.10 Two-zone contact (Play & Godet, 1977)
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In reciprocating motion, if the length of the speen is greater than>2d from Figure 1.10,
the centre of the specimen will only ever interagh a transfer layer, which explains the
observation of Play (1985) that transfer films anhbthe specimen and the counterface are

significantly thicker at the centre of the contata.

Godet & Play investigated the effect of fibre ahgent with respect to sliding direction in an
epoxy-filled carbon fibre composite. They notedt tivdhe fibres were aligned normal to the
sliding direction, the coefficient of friction wagduced by 25% compared to the case in
which fibres were aligned parallel to the slidingedtion, as shown in Table 1.1. If the fibres
are oriented at 45 degrees to the sliding diredtiowever, the coefficient of friction is only

increased by 4% compared to the case in whichibhesfare parallel to the sliding direction.
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Table 1.1 Coefficient of friction dependent on fibre oriemntat (Godet & Play, 1975)
Fibre Alignment Coefficient of friction

/ 0.16
v

V 0.12

y’ﬁ,:;:*,: ''''' 0.19

v 0.125
L0

Kennedy et al. (1975) investigated the factorscifig the wear of polyethylene against a
steel counterface. They found that wear rate @dsese when moving from a very rough
surface to a smoother surface, but found a pointheth increasing the smoothness of the
surface further increases the wear rate. In the o&polyethylene on steel, they found this
roughness to be 0.1 um Ra. They also found thatdké#icient of friction is decreased with
rougher surfaces. They rationalised this as dubdacombined effect of adhesion and third
body thickness. They stated that the main frictionachanism between polyethylene and
steel is adhesion, which is significantly reducgdthee formation of a third body film. As a
rougher surface allows the third body film to bexgmted and held between the asperities,

this reduces the effect of adhesion and therefoeecbefficient of friction. They did not

29




Chapter 1: Introduction and Review of Relevant Work

however extend this hypothesis to explain the emeein wear rate against very smooth
surfaces, though as the trends are the same whtatesuoughness is compared to both

coefficient of friction and wear rate, such an asten would seem logical.

The work of Bramham et al. (1980) identified a rargf fluids which were detrimental to
overall bearing life, and showed that their eff@ets increased when a constant supply of the
fluid was introduced. They presented one possiki¢a@ation for this as the fluid inhibiting
the creation of a transfer layer, or continuousiyoving the one already formed (Lancaster,
1972). This suggestion is supported by micrographthe surfaces compared to the same
materials examined in dry conditions (Evans, 1978)s further underlines the importance
of the creation and maintenance of a transfer layehe performance of self-lubricating
materials. Moreton (1983) uses the effects of #Huithibiting the creation of transfer layers
to explain the huge detriment to performance egpeed with some materials when
operating in near 100% humidity, where water cosdéaon at or near the contact zone is

possible.

1.6 Computer M odélling of Self-L ubricating Bearings

Computerised modelling is a relatively new techgglan the field of self-lubricating

bearings, and has only recently started to be egppMetal-on-metal journal bearings are
relatively simple, and can often be modelled usampventional continuum mechanics
principles. The introduction of a composite selftficating liner, with non-homogenous

material properties, increases the complexity o timodelling problem significantly.
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Fortunately, Finite Element Modelling (FEM) is aocassible method of computationally
modelling structures, with many commercial softwarackages available to carry out
simulations. Modelling is possible on the scaletlod fabric itself using finite element
techniques (Parsons et al.,, 2010), but it is ctigreconsidered unrealistic to model the

bearing liner on the scale of the bearing withrtbeessary degree of detalil.

Cao et al. (2010) investigate the effect of inahgdheat generated due to friction on the
contact stresses in a spherical self-lubricatingring, with a PTFE-based composite fabric
liner. They compared the results of theoreticalgerature analysis and FEM temperature
analysis, and found good agreement between bolmitgees and experimental data. They
found that the peak contact stress in the bearig increased by approximately 30% due to

the inclusion of the effect of expansion due totfonal heating.

Liu and Shen (2010) propose a mathematical metfi@dmbining the elastic properties of
yarns in a composite fabric containing PTFE andO0Cc&rbon. They obtained very good
agreement between the elastic modulus of the fabyind by computational and
experimental methods (0.63% difference) and goorkeagent for the Poisson’s ratio

(12.74% difference).

Some studies have considered the liner as a butkriala with elastic (Li et al., 2008) or
hyperelastic (Yang et al., 2010) properties. Thpsaperties are usually selected after

matching to the experimentally derived stress-steairve. Li et al. (2008) modelled a self-
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lubricating spherical plain bearing with a fabrieabing liner containing Aramid and PTFE
with a synthetic resin. This liner was considersdaalaminate, which contains the correct
proportions of the materials but neglects the wegyattern. The bearing was modelled as
three parts — the inner ring, the bearing liner touter ring. The stiffness and Poisson’s
ratio of the liner was calculated by combining stiéfness and Poisson’s ratio of the Aramid
and resin, as the PTFE was ignored due to its lolunve fraction. These properties were
then applied to a bulk material representing therli This method produced good agreement
between experimental and FEM results (<10% vanatifor the displacement of an inner

ring into the liner material under load.

Yang et al. (2010) used indenter tests to deterithmaestress-strain relationship for a Kevlar-
and PTFE-fibre woven composite with synthetic resimd chose a mathematical definition
that was close to the stress-strain relationshigplerical plain bearing was modelled, with
and without the bearing liner included in the moa@eld for the case where it was included,
the mathematical stress-strain relationship wadiexgpfo the material. They found that there
was a considerable increase in the contact area wigeliner was included, and therefore a
significant reduction in the peak contact presstoethe model with the liner at a given load.
They proposed that the stiffness of the liner camtribute to increased performance of the
bearing (load capacity, service life), and thatrehis an optimum stiffness. Unfortunately
there is no further discussion of how this coulddsatified, nor are any data comparing liner

stiffness to bearing service life detailed.

Potentially, these models can provide informationhow modification of the properties of
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the fibres and resin affect the stiffness of tinedj but they cannot give any indication of the
effect on friction and wear of the liner. Other retithg methods have approached the
problem of predicting friction and wear. Bortoledd al. (2012) use a custom script in a
commercially available finite element software tesdribe the removal of material due to
wear in a dry sliding pin-on-disc test incorporgtiain Archard wear law formulation. They
calculate friction in the model by calculating tiaagential force needed to move the pin and
dividing it by the normal load. However, it is rattirely clear what governs the force needed
to move the pin, as they do not specify a coeffice friction between the pin and the disk.
In any case their results using this method leagrédlicted coefficients of friction between
40% and 70% lower than those observed in expersnérteir results for wear show a

similar magnitude of error, but consistently ovetimate the wear depth.

The discrete element modelling approach has anntéalya over finite element modelling in
that wear is very easy to simulate (Richard et280Q7). In the discrete element method, a
material volume is represented by a cluster of igshdor which interactions are specified.
The method models not only wear, but allows the enoent of third bodies to be tracked
(Fillet et al., 2005). The method also enablesntiateffects to be studied in a similar manner
to the finite element method (Richard et al., 2008)ese theoretical methods do not appear
to have been verified experimentally, however, dahdre are concerns regarding the
assumptions made on the size and distribution af articles, which are partly governed by
user inputs, which can have a major effect on tlegliptions of the model (Fillot et al.,

2005).
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1.7 Future Development of Bearing Liners

As self-lubricated bearing tribology has progressdtempts have been made at improving
the performance of bearing liners by using new nedte Li &Ran (2010) found carbon-fibre
reinforcement to give improved wear performance @tker reinforcement materials in non-
woven composites. Considerable work has also beegertaken in evaluating the
performance of different resins in woven materigerma et al. (1996), for example, found
improved performance of a phenolic resin in a wowamposite when the resin was
chemically modified with Poly Vinyl Butryal (PVB)he specific wear rate (miX*m™) was
reduced by between 20% and 80% in comparisonsmnaithmodified phenolic resin, with a
corresponding reduction in coefficient of frictiafi between 10% and 50%, dependent on
sliding velocity. The modified resin possesses atob% higher tensile strength and flexural
modulus, with 7% reduced flexural strength. Impuaitig the modified resin has an 80%
higher tensile modulus, and 75% higher Charpy impatergy (kJ ). The authors
concluded that the reduction in wear rate was dubké increased ductility of the resin. There
was also a reduction in bulk surface temperatwse af between 20% and 50% observed
through use of the modified phenolic resin, whishaiconsiderable factor in the context of
friction and wear of thermosetting materials (Yatal., 2009). The effect of temperature on
the pattern of friction and wear observed is diseds In particular the authors identify a
critical temperature above which “charring” of ttesin is observed, the effect of which is to
significantly increase the friction coefficient andear rate. The theoretically ideal
temperature is one which is high enough to redbeefriction coefficient and wear rate by
increasing the ductility of the resin, but not sghhas to cause “charring” and bring about a

reduction in the material properties of the resin.
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Investigations into the performance of alternate®in materials are of particular commercial
importance at the present time, as the many phersdin systems utilise formaldehyde, the
use of which is coming under increasingly striggulations (Wagner, 2010). It is therefore
timely to develop new methods of tribologically silating self-lubricated bearings which

can be used as screening tools for the rapid evatuaf candidate material combinations.

1.8 Aims & Objectives

The project aims to fulfil the following objectives

* To produce a finite element model of a compositg lokearing liner, providing a

representation of all constituent materials.

e To use this finite element model to inform a modé&lthe variation in friction
coefficient over the wear life of the bearing lingrich will take into account the

changing proportion of the constituent materialsantact with the counterface.

* To verify this friction model against experimendialta obtained from a bespoke flat-

on-flat sample wear test bench.

* To model the useful wear life of a complete “drgherical plain bearing containing
the bearing liner, and verify predicted wear adganmesults from full-scale bearing
tests undertaken outside of the project. The agpreell apply lubricated journal

bearing theory to a “dry” spherical plain bearing.

There are two aspects to the project which are Inevastly, the modelling of the friction

35



Chapter 1: Introduction and Review of Relevant Work

coefficient of a multi-material tribological contaand its variation throughout the wear life
of a composite material. Secondly, the modellingtleé wear life of a complete “dry”

spherical plain bearing using lubricated journariogg theory.
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2. Modelling the Weave

2.1 Objectives

Composite bearing liners have been available simedéate 1960s (Lancaster, 1982). Physical
testing of new bearing liners is both costly amgetiintensive, therefore methods of screening

potential new composites are urgently sought.

There are three key performance characteristiceaifings:

» Load-bearing capacity — dependent on the stiffaeslsultimate tensile strength of the

component materials.
» Efficiency — dependent on the overall friction demént of the bearing.
» Lifespan — dependent on the wear rate and anyd¢aihodes.

There are additional characteristics of bearingpiired for certain applications, such as

resistance to corrosion and contaminants, andiitieydo operate at extreme temperatures.

An improved bearing liner would show improvemem®ne or more of the key performance
characteristics. In order to model any of theseapaters for a new fabric before the
prototyping phase, some method of simulating thed&s response under realistic conditions

is required.

37



Chapter 2: Modelling the Weave

It was decided that a finite element analysis (FE®del should be developed to simulate a
composite bearing liner, using the commercial érélement software DSS Abaqus. This

would allow estimation of the three key bearingreleteristics in the following way:

* Load-bearing capacity — a finite element model i tonstituent materials of a

bearing liner would allow an overall stiffness ® dalculated.

» Efficiency — a friction model would use the varaatiin contact pressure and the
proportion of materials in contact over the we#g-lof the liner to estimate the

friction coefficient corresponding to different aoras of wear.

» Lifespan — the wear rate of a composite materiaaffected by the variation in

stiffness at different amounts of weatr.

To evaluate the effectiveness of models of thig, sowould be necessary to test them in
terms of a pre-existing material, so that inforrmation the three key performance
characteristics of the bearing liner could be atadi The end goal of these models (beyond
the scope of the project) is to develop a methodaéening potentially new composite

fabrics.
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2.2 Weave Visualisation

It was anticipated that the simplest finite elemeatdel of the test bearing liner is that of a
“unit cell” — the smallest repeating geometry —jeubto boundary conditions to make it
behave as part of a much larger sheet of the rahtén order to preserve commercial
confidentiality and intellectual property, only arpon of the unit cell is illustrated in this

version of the thesis.

While the specification of the fabric was obtainedm manufacturing specifications, the
fabric was still difficult to visualise due to itsomplex structure. Texgen is software
developed by the University of Nottingham to “modieé geometry of textile structures”
(Texgen, 2013). This software was used to develos@alisation of the test fabric in 3D,

shown in Figure 2.1.

PTFE
. Reinforcement

Figure 2.1 Visualisation of part of the test fabric weavangsTexgen
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2.3 Finite Element M ode€l

2.3.1 Unit Cell Geometry

Finite element models were first developed in twmahsions, to evaluate methods for
specifying a composite material structure. DSS Aisdinite element models contain “parts”
— individual components which are either free tbiagependently or are constrained in some
way to simulate part of a larger assembly. Pantegdly have a single material property for
the whole part even if the part is made of a cont@osaterial, in which case non-
homogenous material properties can be specifiedrder to model the test composite unit
cell as one part on the micro scale, different ntgroperties had to be specified for
different sections of the part. It would have bgmssible to create the “unit cell” from
multiple parts representing the yarns and the raschspecifying their interactions, but it was
anticipated that this would create a complex, bk model. A method was necessary to
specify the composite material structure using amg part, but containing multiple material

assignments.

An initial attempt to create multiple material defions was performed element-by-element.
Due to the regular numbering structure for elementsegular meshes in DSS Abaqus,
elements could have material properties specifigdcteating sets of element numbers,
identifiable from their predicable pattern. Figld® shows a single “part” made up of two
alternating material definitions, specified by et number. Figure 2.2 also shows an
illustration of how the predictable pattern of etsrh numbering allows sets of element

numbers to be built to create such a “part”. A veehike structure created using this method
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is illustrated in section Figure 2.3.
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Figure 2.2 A single “part” made up of two materials, with area magnified showing an
example of the element numbering system

In this example, 2 sets of element numbers woutddaded — 1,3,5,7,9 for Material 2 and
2,4,6,8 for Material 1.

PTFE

I Reinforcement

[ Resin

Figure 2.3 A weave-like pattern specified by element number
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This method was found to have two limitations whicavented it from being extended to 3D
models. Firstly, element numbering is mesh-depend&manging the mesh density changes
the size of elements, therefore a given area woale different numbers of elements. Using
this method new sets of element numbers had todsted every time a different mesh was
specified. Secondly, when less regular meshes weee, as required when a mixture of
element types were used, the mesh numbering p&iteame less predictable and it was very

difficult to build the necessary element numbes set

A more flexible method of specifying sections andtenials was developed which used a
bespoke script with a series of commands, writtethé Python programming language. The
make-up of the script is described in detail in @ba 3. This script creates a 3D Finite
Element model of the weave with a structure reprediwe of the test composite fabric.
Figure 2.4 shows the “unit cell”, made up of PTRENg and reinforcement yarns in a resin
matrix. Figure 2.5 is the same “unit cell” but withe resin hidden, to show the weave

structure, which is compared with the weave stmgctisualised using Texgen (Figure 2.1).
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PTFE

B Reinforcement

[ Resin

Figure 2.4 Part of a “unit cell” of test composite fabric, neawlp of PTFE and reinforcement
yarns in a resin matrix

PTFE

B Reinforcement

Figure 2.5 Part of a “unit cell” of test composite fabric, Eigure 2.4 but with resin
hidden to show the weave structure

The geometry of the unit cell is designed aroureddbncept of dividing the test composite
into three “layers” — a reinforcement warp layerager of resin to allow the weft to pass
between the warp yarns; and a PTFE warp layerpjtiGation, the PTFE warp layer would
be the layer initially in contact with the movingurh Figure 2.6 shows this division into
layers on the “unit cell”, and Figure 2.7 showsrass-section through the weft of the test

fabric, alongside the same diagram but with onlyatp thread shown.
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Figure 2.6 Part of unit cell showing three “Layers” of FinlEBement Model

PTFE
. Reinforcement

Figure 2.7 Part of a cross-section in the warp direction shgwnly one weft thread
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The cross-sectional diagram in Figure 2.7 implies meed for five “layers” as shown in
Figure 2.8 — a layer for weft threads passing alerreinforcement warp (1); a layer for the
reinforcement warp (2); a layer between the regdorent warp and PTFE warp (3); a layer

for the PTFE warp (4); and a layer for weft threpdssing underneath the PTFE warp (5).

‘."’f 2

“ PTFE

-— 3

- 4 . Reainforcement
* )

Figure 2.8 Part of a cross-section through the warp, showaglayers - a layer for weft
threads passing over the reinforcement warp (lByex for the reinforcement warp (2); a
layer between the reinforcement warp and PTFE \(&pa layer for the PTFE warp (4); and

a layer for weft threads passing underneath theER¥&p (5).

It was seen from tomography of the test composibei¢ that where a weft thread passes over
a warp thread, it displaces the warp thread inéoitiber-warp layer, hence there is no need
for layers 1 and 5. This is highlighted in Figur®,Xeaturing a magnified view of a weft

thread being pulled into the inter-weft layer.
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B PTFE

Rainforcamant

- l B Resin

PTFE
. Reinforcement

Figure 2.9 Tomography showing cross-section through the weft)( with warp thread
highlighted in blue, along with reinforcement wiftead which has been displaced into the
inter-weft layer in red

Figure 2.10 shows the three-layer approach basé&dgome 2.9, showing the reinforcement
warp layer (1); the inter-warp layer (2); and PTWwé&p layer (3). Figure 2.11 shows this

same structure in the finite element “unit cell”.

1
“« PTFE
® e +—!
“s .Rainfu-rcamant

Figure 2.10 Part of a cross-section through the warp, showitay@rs - the reinforcement
warp layer (1); the inter-warp layer (2); and PTWwa&p layer (3).

1 —»
2 _’_ —_ o —_ B Reinforcement
3 —

Figure 2.11 Part of a cross-section through the warp of thigefielement “unit cell” showing
only one weft thread, with displaced warp threaus layer divisions highlighted
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From examination of the tomography of the test cositp fabric, it was also found that the
inter-warp layer was much thinner than the two waggrs. Figure 2.11, for example, shows
the dimensions of these layers superimposed ontdsie tomography, with the yellow

measurement lines in the figure taken as averaggtsefor example the top line represents
the average height of the top surface across alsarpe figure shows the reinforcement
warp and PTFE warp layers are thicker than the-ingep layer. Figure 2.12 shows the FEA

model with three equal layers and in the modifiedhf with a reduced inter-warp layer

thickness.

*"H B Bl PTFE
P s v e Reinforceament

|I| Resin

Figure 2.11 Tomography showing cross-section through the wofettie test composite fabric

PTFE
I Reinforcement

[ Resin

Figure 2.12 Part of a cross-section through the weft of testgosite “unit cell”, with three
equal layers (top) and reduced inter-weft layerkihess (bottom)
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The full unit cell was then assembled between tigml rplanes on the top and bottom. The
top plane has a uniform pressure over its top serfsf 1 N/mm and is only allowed to
displace in theg/-direction (perpendicular to the plane). The botyane is constrained in all
directions to prevent any movement. This set of stamts and loading represents
compression of the composite fabric between twopliatens, shown in Figure 2.13. Contact
was therefore simulated between the two rigid @aared the unit cell. The simulation gives a
contact pressure distribution on the bottom (cdntaee) surface of the unit cell, which will
vary based on the stiffness of the materials irtaxzirand the materials directly above them.

The results of these simulations are discussedapter 5.

Figure 2.13 Part of “Unit cell” assembled between two rigidupes (left) with “unit cell”
hidden (right) to show only rigid planes
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2.3.2 Contact Settings and Element Selection

DSS Abaqus offers a wide range of options for $peg contact in a model, together with a
range of element types. Not all possible options dontact and element selection are
discussed in this section, as full information banfound in the DSS Abaqus User Manuals.
The contact conditions for the finite element moale relatively simple compared to some
more complex models DSS Abaqus is capable of simglatherefore the settings used are
close to the recommended default settings. Thisosediscusses only the contact controls
which were changed from the default settings, oemhthere is no default setting. The
selection of elements is also discussed, as ceetament types are unsuitable for contact

modelling.

Contact between two bodies in DSS Abaqus is defined master and slave surface, with

the condition that slave nodes cannot penetrateastan surface, but master nodes can
penetrate a slave surface. It is recommended hieaimiaster surface is defined as the more
coarsely meshed surface. In this model, the twid ptanes were selected as master surfaces,

and the unit cell faces were defined as the slafaces.

DSS Abaqus offers two options for contact discedion — node-to-surface and surface-to-
surface, and two options for contact formulatioamall-sliding and finite sliding. Except in
borderline cases where convergence is difficultS¥®aqus recommends the use of surface-
to-surface contact discretization for maximum aacyr Figure 2.14 shows an excerpt from

the DSS Abaqus manual, comparing the two contactrelization methods and showing the

49



Chapter 2: Modelling the Weave

surface-to-surface method to be at least an ofdmagnitude more accurate.

uniform pressure

Figure 34.1.1-4 Test model for comparison of different
master and slave surface designations,

The bottom block is fixed to the ground, and a uniform pressure of 100 Pa is applied to the top face of
the top block. Analytically, the top block should exert a uniform pressure of 100 Pa on the bottom block
across the entire contact interface. Table 34.1.1-1 compares the Abagus analysis results for different
contact discretizations and slave surface designations.

Table 34.1.1-1 Error (from analytical results) for various
discretization/slave surface combinations.

Contact discretization Slave Surface Maximum error in CPRESS
i Top block 13%
Node-to-surface
Bottom block 31%
) Top block ~ 1%
Surface-to-surface
Bottom block ~ 1%

Figure 2.14 Contact discretization methods and their accu(®@S5 Abaqus, 2012)

There are two options available for contact formafa— small-sliding and finite-sliding.
Small sliding is a contact approximation methodigiesd to reduce the solution computing
time, but it can produce results which are not mafy meaningful if some sliding is

occurring at the interface. The finite sliding nmedhis, by comparison, more robust, and
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highly recommended for all contact problems (DS&dus, 2012). In this model, the finite

sliding formulation is used in both contact inteda between the “unit cell” and the rigid

planes.

DSS Abaqus offers three possible 3D element shapestrahedral (“tet”), hexahedrons

(“brick”) and pentahedral (“wedge”), shown in Figu2.15.

Tetrahedrons Hexabedrons Pentahedrons

B-noded

A-peded

Figure 2.15 3D Element types (left to right) — tet, brick anddge (Moreno, 2012)

Each element type has two main derivatives — @irder and second-order. First order
elements have a node at each vertex of the elerteméfore in the case of a six-sided brick
element there are eight nodes. Second-order elsmaéstd include a node at the midpoint of
each side, so in the case of a six-sided brick eerthere are twenty nodes, as illustrated in

Figure 2.16.
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< > P

(a) Linear element (b) Quadratic element
8-node brick, C3D8) (20-node brick, C3D20)

Figure 2.16 First-order and Second-order brick elements shgwie number and position of
nodes

Second order elements are generally more accumateddelling stresses, but their use incurs
a computational cost penalty. For the applicatiba oontact pressure to a brick element, in
the case of the first-order element, the pressurequally divided amongst the 4 nodes in
contact. In the case of the second-order elememtever, the pressure is not equally

distributed amongst the eight nodes in contacshasvn in Figure 2.17.
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Figure 2.17 Equivalent nodal loads produced by a constanspreson the second-order
element face in a contact simulation
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As the output of this finite element model wouletde¢o be processed and understood outside
of the DSS Abaqus Visualisation program, first-ordiements were chosen so that pressures

values output by node would be more representatitiee contact stresses.

A simple model of two equal sized blocks was creatéh a pressure of 1Pa on the top face
of the top block, with the bottom block constrainedall directions on the bottom face,
shown in Figure 2.18. This was coarsely meshedgutety brick and wedge elements to

evaluate their performance in contact modelling.

Figure 2.18 Finite element model used to test element typesdntact, showing two cubes
with contact along their interface, a pressureiagpbn the top face of the top block and
encastre boundary constraints on the bottom fatieedbottom block
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The results of the analysis are shown in Figure.2Both brick and wedge elements
produced a uniform pressure distribution as exjgectdereas the tet elements produced a
non-uniform pressure distribution, with variatioob up to 0.6% from the mean pressure
value. This small deviation in contact pressurenglwith possible problems with shear
locking in non-linear analyses such as contact (P2906), led to tet elements being

disregarded as suitable elements to mesh the elhit ¢
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CPRESE
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+1.000=+00
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+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000=+00
+1.000e+00
+1.000e+00

CPRESS

+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00
+1.000e+00

CPRESS

+1.002e+00
+1.001e+00
+1.001e+00
+1.000e+00
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+3.951e-01
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+9.967e-01
+3.961e-01
+3.954e-01
+9.947e-01
+9.940e-01

Figure 2.19 Pressure distributions for brick and wedge eles@op and middle) and tet
elements (bottom) for the same finite element model
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First-order elements were used throughout theaatiit Quadratic elements could not be used
in areas away from the contact without significamticreasing the complexity of the model
due to the need for complex tie interfaces betwiests and second-order elements. Wedge
elements were used in the weaving sections of thédein as these are accurate in contact
calculations, and are also able to fit into thartgular sections of the model without extreme
element distortion. Brick elements were used toesgnt the weft thread areas. Figure 2.20
shows a cross-section through the weft of the digterment model, with a reinforcement
warp yarn shown, and no mesh. Figure 2.21 showsahee model meshed only using brick
elements, alongside the same mesh with elementdidhited in yellow where there is
enough distortion to potentially effect the accyratthe results. Figure 2.22 shows the mesh
that was used in the unit cell, which consists wtkbelements for the weft thread areas
(highlighted in orange) and wedge elements usedalfoother areas (highlighted in blue).
Wedge elements were used in the areas with triangctions as their native shape lends

itself to use in triangular sections.
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PTFE

I Reinforcement

[ Resin

Figure 2.20 Part of a cross-section through the warp showangfarcement weft thread
without mesh

Figure 2.21 Part of a cross-section through the warp showingoeement weft thread
meshed using brick elements (left) alongside tineesaesh with excessively distorted
elements highlighted in yellow (right)

. “Brick” Elements . “Wedge” elements

Figure 2.22 Part of a cross-section through the warp showengfercement weft thread
meshed using wedge and brick elements (left), itk elements highlighted in orange and
wedge elements highlighted in blue (right)
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2.3.3 Harmonic Boundary Conditions

Once a representative unit cell of the test comeolibric had been created, boundary
conditions had to be specified which would make uh# cell behave as if part of a much

larger overall liner, as illustrated in Figure 2.23

Entire Liner

Figure 2.23 “Unit cell” displayed as part of a larger liner

Figure 2.24 shows a finite element model of a bladth a repeating pattern of material
assignment compressed between two platens. Thenbptaten is fixed, and the top platen is
constrained to move only in tlyedirection. The top platen is displaced to giveompressive
strain of 0.9. The block has a height of 1, andragyth of 20, with each section possessing the
dimensions of 21, each with 10,000 elements. The block has a tieygepattern of material
assignment, with both materials having the sanfénetis but with Material 1 having a
Poisson’s ratio of 0.3 and Material 2 having a Bamss ratio of 0. This means that sections
with the properties of Material 1 will have edgéeets, and those with Material 2 will not.
Figure 2.25 shows the stress contours producechigysimulation, with a close-up of a

repeating unit cell at the centre of the part, afvasn any edge effects.
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A N B EEENE RS

Figure 2.24 Model of block with repeating pattern of materiasignment, Material 1 in
green and Material 2 in cream, compressed betweeplatens in red
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Figure 2.25 Results of analysis of model in Figure 2.29 (togjhva close-up of central
repeating block (bottom)

Figure 2.26 shows a model of a block with only tseztions, which is the repeating unit cell
of the previous model. This model is given the samompressive strain as the previous
model but no additional constraints, and the resaie shown in Figure 2.27, which are
significantly different to those seen in Figure 2.Z'his means that without additional
constraints this model is not representative ofttbleaviour of a unit cell at the centre of the

model.
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Figure 2.26 Unit cell with two materials compressed betweea platens in red
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Figure 2.27 Results of analysis of model in Figure 2.31

Figure 2.28 shows the results obtained using theesaodel, but with boundary conditions
imposed on the far left and right hand edges ofuthiecell to stop their displacement in the
x-direction. This is again different to the resufisen in Figure 2.25, and therefore not

representative.
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Figure 2.28 Results of analysis of model in Figure 2.26 bubwitdirection constraint
boundary conditions applied to left and right haide of the block

The model was analysed again, however this timedmstraints on the left and right hand
sides were changed to harmonic boundary conditidtermonic boundary conditions
constrain opposite sides of the unit cell to hageat displacement. This was achieved by
using DSS Abaqus’s “tie” function to keep corresgiog points on opposite sides of the
block at a constant separation, and remove “edtgrtef. This works by (in this case)
keeping points with the same height but on oppasites of the block at the same separation
in thex-direction orz-direction. Figure 2.29 shows a schematic represient of this type of

constraint.
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Figure 2.29 Loading of a block without harmonic boundary coaisits, showing Poisson
“edge effects” (top) and the same model with hanimboundary constraints, which removes
Poisson “edge effects” (bottom)
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Figure 2.30 Results of analysis of model in Figure 2.26 butwviarmonic boundary
conditions applied to left and right hand sidehaf block

62




Chapter 2: Modelling the Weave

Figure 2.30 shows the results of this simulatiohiclw are now very similar to those seen in
the larger model in Figure 2.25. Figure 2.31 shtwvesresults of the two simulations with the
scale adjusted to increase the detail in the stes®urs in the section. The results are very
similar. However, there are slight differencesha tontours, for example at the top left hand
and bottom left hand corners of the unit cell modéle unit cell block however reduced the
number of elements in the model by a factor of While it may be possible for the first,
larger model to be reduced in size while still &iwlg the repeating cell at the centre from
edge effects, the necessity to have multiple welis evould mean that a model with harmonic
boundary conditions reduced the number of elembwntat least a factor of three. Such a
reduction represents enormous savings in analysis, tas the relationship between the

number of elements and the time taken to performratysis is not necessarily linear.
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Figure 2.31 Results of analysis of model as Figure 2.35 (toy) Bigure 2.30 (bottom) with
scale adjusted to increase detail of contours
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2.4 Assumptions and Limitations

The following assumptions and limitations applyhe unit cell model, each of which are

discussed in this section:

» All threads in the warp direction and all threaalshie weft direction have the same
cross-section, though there can be a differencedset warp and weft threads, and
the cross-section of all warp and weft threadgdsangular.

* The weft threads are not of constant thickness vgassing through the inter-warp
layer.

* There is a smooth, connected weave pattern inrdss-<section through the warp, but

not in the weft cross-section.

2.4.1 Thread Cross-Sections

In the finite element model all threads have aamgtilar cross-section. This allows much
simpler meshes to be used than if the threads @fecicular or elliptical cross-section. The
threads in the finite element model represent asdf hundreds of individual fibres, a level
of detail which would have been unrealistic to mamtethe scale of the unit cell. To account
for the fact that the PTFE and reinforcement thseack not of the same dimensions, the
actual total cross-sectional area of all the fibresthe threads was calculated from
manufacturing specifications of the yarns, allowify the proportion of resin and
reinforcement/PTFE in the unit cell cross-secticawa@a and the equivalent stiffness for the
unit cell thread. The weight of threads are meakurédenier”, a unit of measurement of the

linear mass density of yarns, defined as the maggams of 9,000 m of the thread. The
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origin of this traditional unit of measurementiierh weaving, where one strand of silk has a
mass of approximately 1 gram per 9,000 metres @rds 1997). From the linear mass
density of the fibres, and the density of the makethe total cross-sectional area of all

filaments in a yarn may be calculated.

The yarns are made up of many filaments, which kdlle small gaps between them. Denier
is a more useful way of calculating the total cresstion of all the filaments making up the
yarn than physically measuring it, as it is noeaféd by how tightly the fibres are wound and
how much space is left between fibres in a singl®yThe total cross-section of all fibres in
a yarn is calculated by dividing the linear masssitg of the yarns (denier) by 9000, to give
the mass in grams per metre of thread, then digidinthe density of the material, to give the

total cross-sectional area of all threads.

By dividing the total cross-sectional area of tlaeng of each material by the cross-sectional
area of the threads in the unit cell, the percentagthe area of the thread made up by the
yarn material can be calculated. The remainingiof the “unit cell” thread is assumed to

be made up of resin, the simplification being m#d& there are no air gaps in the test
composite fabric. The stiffnesses of the two materare combined in these proportions to
give the representative stiffnesses of the reifiorent and PTFE threads which are found to

be in the ration of 70:1.
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2.4.2Variation in Thread Thickness

The model was originally designed with all thregels having the same thickness, which
allowed the cross section of weft threads to rercammstant as they passed through the inter-
warp layer. Upon examination of X-ray tomographyagas it was seen that this inter-weft
layer was in fact much smaller than expected, hedrtter-warp layer was therefore reduced
in the finite element model. This was not viewechasing a detrimental effect on predicted
response, as the inter-warp layer is predominage#in, therefore reducing its size brings the

proportional amount of resin in the model closethiat seen in the finished liner.

2.4.3 Weave Pattern in Warp vs. Weft Direction

Creating a 2D weave pattern was a relatively singdé& compared to being able to create a
3D weave pattern which also allowed for a regulasimthroughout. The method by which
the material was divided into sections is describechapter 3. A limitation of this method is
that it could be achieved in the warp cross-sectimmt not in the weft cross-section
simultaneously while using wedge elements. Figud2 2hows the thread weaving pattern in

the weft and warp cross-section, and the differemteesolution in the two directions.
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Figure 2.32 Part of a cross-section through the warp (top)vaeft (bottom) showing the
difference in resolution of weave structure

The only way to model a smooth weave pattern inrtag and weft direction was to use tet
elements, which are not currently appropriate fardelling contact (see Section 2.3.2).
However, developments in the DSS Abaqus softwareesihe commencement of the project
mean that tet elements are now regarded as acdaratdelling contact. It should therefore

be possible in future to improve this aspect ofrttealelling.
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3.1 Overview

The model described in the previous chapter wafculif to create using only the DSS

Abaqus graphical user interface (GUI), as points toabe selected which were internal, and
many tasks were repetitive. In addition, it wasia@pated that the geometry of the model
might be changed for future research into othegrlimaterials. A solution was developed
which built the FE model of the test liner, whilowing some geometrical parameters of the

model to be easily changed.

Python is a freely-available high-level object-oted programming language, which places
particular emphasis on the ease of comprehensidineofode (Python, 2013). DSS Abaqus
includes a scripting interface, allowing commandsbe controlled by scripts written in
Python. All actions which can be completed in tHeadus GUI have an associated Python
command. These commands can be applied to a rdngetity types including the entire

model space, a part, a section of a part, or & pospace.

A useful feature of DSS Abaqus is that the relaBsdhon commands for all actions
undertaken in the GUI are automatically recordedaitext file. By copying the Python

command associated with an action and applyingaira the same action can be repeated.
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These commands can be applied individually, or lasger series of commands.

Python commands can refer to many aspects of almaodkiding a part, section or point in
space. By altering the aspect that a Python commefeds to, for example choosing a
different part, an action can be repeated and egb different parts. Additionally, these
commands can be used with a specified value, er tefa variable which can be changed.
Through careful modification of a series of Pythmmmmands an FE model can be built in

Abaqus which will vary based on a user-defineco$@tput parameters.

Developing a model in this manner has the follovadgantages:

* The script can be split into user-defined varialaled actual commands, which means
that the output can be modified without understagdif the underlying commands.

» User-defined variables can be altered to change smrameters of the model such as
geometry and materials.

* The model does not have to be stored as the fiiphaduct, which can be costly in
terms of storage capacity for very large models.sBying the model as a series of
commands, the model can be stored much more effigjalthough with the penalty

of the time taken to build the model from the scrip

In the case of the model of the test compositer litfee first two points are particularly
advantageous, allowing the model to be adjustedowitknowledge of the commands in the

script. The third point is not of particular congeas the model is very small relative to the
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spectrum of finite element models; however it igtwaoting for models with an extremely

high degree of geometric complexity.

3.2 Python Script Structure

3.2.1 User Variables

The Python script builds a DSS Abaqus finite elelnmeadel of the test composite liner unit
cell based on a series of parameters controllimgesaspects of its geometry. The overall
height of the unit cell can be changed, along whi& height of the three “layers” of the
model. The pitch (distance between yarns) in bb# warp and weft direction can be
changed, as can the cross-section of the yarnshwascdiscussed in the previous chapter, is
the same for all yarns in both the warp and weatdaion. The properties of the materials in
the composite can also be changed. The weave wsteuot the fabric however cannot be
changed simply by varying the user-defined varigbbes this would require considerable

modification of the overall script.

These parameters are stored as the following MagaBll dimensions are in mm, and all

Young’s modulii are in Pa:

Height — the overall height of the unit cell

Threaddia — the diameter of the yarns

Wetftpitch/warppitch — the distance between each yathe warp/weft direction

Heightlub — the height of the “layer” including théoricant yarns
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* Heightreinf — the height of the “layer” includinige reinforcement yarns

* ReinfYoungs, reinfpoisson — Young’s modulus andsBan's ratio of the
reinforcement yarns

* LubYoungs, lubpoisson — Young’s modulus and Poiss@tio of the lubricant yarns

* ResinYoungs, resinpoisson — Young’s modulus andg®ais ratio of the resin

No further user input is required within the scriphe finite element model does however
require further manipulation within the GUI to proé the output necessary for the friction

model, described later in this chapter.

3.2.2 Abaqus General Commands

This section begins with a series of generic condada load all Abaqus user interface sub-
modules. This happens automatically when usingGhi, but has to be directly specified

when using the scripting interface.

The script then creates an empty model space t& worlf the script is run repeatedly
without creating a new file, for example while istigating the effect of varying different
parameters, the previous model has to be deletedasdhe new model can be built. This

allows for the script to work whether the file spas empty or has previously been used.

The next section informs Abaqus that commands reflr to points in the “compressindex”
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format. The default is to refer to commands usheg“coordinate” format, which refers to a
series of points using numbers, but does not afloimts to be referred to as variables. The

“compressindex” format allows the use of both nurelzend variables to define points.

3.2.3 CreateDesign Area

Abaqus applies material specifications in a muldtenial part using “sections” — these
sections allow for a Young’'s modus and Poissont® reo be specified, along with the

possibility of using more complex properties, swshnon-homogenous materials, though
these are not used in the current model. The “N&sgBections” part of the script creates the

three materials used in the model.

The script then creates a single static analydisp"s For a static model, such as the one
considered, a step is a specified amount of tinvehiich loads can be applied to a model, and
the model allowed to stabilise. Multiple loads dsnapplied in a step, but these will all be
applied simultaneously. To apply multiple loadscassively, multiple steps are necessary.
The current model is however a simple deformatimmi@ct model with only one load, and

therefore does not require multiple steps.

In the unit cell there are four threads in the wdmgction and eight in the weft direction,
with the spaces between them filled by resin. Teats the FE model, a series of parts are

made, each representing either one weft thread edebetween the two warp layers, or a
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resin "spacer” which contains only the warp lay@g.dividing the unit cell up into threads
and resin spacing, these parts can be createdaselyathen combined together into the

overall unit cell at a later time, which simplifidge creation of the model.

Each of the weft threads has the same undulatiagesiand the same length as it passes
through the warp, however the start and end pairégsall slightly offset. Figure 3.1 (Figure
1.9) shows a cross-section through the warp ofahac, with all threads shown on top, with
only one thread shown on the bottom to highliglet Weaving pattern. The pattern is that a
weft thread passes over a reinforcement warp thrheanlveen a reinforcement and PTFE
warp thread, under a PTFE warp thread, then betweeesinforcement and PTFE warp

thread.
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PTFE
. Reinforcement

Figure 3.1 Part of a cross-section through the warp showmyg b weft thread

All threads have the same geometry, so insteadeatiog a new part for each weft thread, a
single weft thread is created with the correct getyn split into sections, and then re-
assembled to create other weft threads which hiiset@eometries. A weft thread is created,
which is then cut into two parts — one being thst fquarter of the geometry, and the other
being the following three quarters of the geometiye first quarter is moved to the end of
thread and then re-combined, to give the same dhpedtern (offset) but with a new

geometry.

To model the first thread, the script creates a&seaf points to define a block which has the
height of the unit cell, with the length of one w#iread, and the width of the cross-section
of the thread. This block is then divided into aiese of sections, which will later receive

material property definitions to create the complitiread pattern. The method of dividing a
block in 3D is illustrated in Figure 3.2, which &ists of cutting planes defined by three
points. The coordinates of these points for a giersion are calculated based on the user-

defined geometry of the unit cell.
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Figure 3.2 Division of a 3D block (left) by three points, withe cutting plane shown (right)

Once the block has been split up into sectionsettsections are each given an appropriate
material assignment to create the weave struckmelarger areas of the same material, this
is performed part-way through the process, so shauld an area have the same material
properties but need to be sub-divided further, ehare fewer commands necessary. An

example of a PTFE weft thread is shown in Figug 3.

Figure 3.3 A PTFE weft thread

In addition to the weft thread sections, a resiacspmy section is also created. This has the
height of the unit cell, the length of a weft thdesnd the thickness defined as the pitch minus
the thread diameter from the user inputted vargabtecontains areas which specify the warp

threads, but the majority of the block is resinsasn in Figure 3.4.
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Figure 3.4 Resin spacing section

Once all eight weft threads and the eight resirtisgg have been created, they are placed
into an assembly and then merged to create theblogk, shown in Figures 3.5 and 3.6.

With the resin hidden in Figure 3.6, the patterthef weft threads can be seen more clearly.

PTFE

I Reinforcement

[ Resin

Figure 3.5 Part of a “unit cell” of test composite fabric, neawlp of PTFE and reinforcement
yarns in a resin matrix

PTFE

B Reinforcement

Figure 3.6 Part of a “unit cell” of test composite fabric, Eigure 3.5 but with resin
hidden to show the weave structure
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3.24 Mode Assembly

DSS Abaqus allows surfaces to be referred to as™sehich are a collection of either
element faces or nodes, but are specified basedjeometry and are therefore mesh
independent. Once a set has been created, any cahthat refers to that set will apply to all
element faces or nodes contained within that gegmiiiough once a set has been created it
can only refer to either element faces (referredstésurfaces” in Abaqus) or nodes, as these
specifications are not interchangeable. It is ttoeeerecommended that for every geometry to
be referenced, a set name is created for both elefaees and nodes, as some commands

refer only to element faces and some only to nodes.

In the Python script, sets are created for eaah@lidhe block (except for the top and bottom)
in both element face and nodal form. These setuusee to set up the displacement and
rotation constraints for the model, along with Ha@monic boundary conditions. A set is not
created for the bottom of the unit block, becaise will change as material is removed from
the bottom of the block to simulate wear, and tfogeshas to be manually created each time

a specified amount of material is removed.

Two planar parts are created with the same dimassas the top and bottom surfaces of the
unit block. These are rigid parts, and are usesinmlate compression of the model between
two platens. These planes are given the boundangittons discussed in the previous

chapter. The sides of the unit block are given lmaimboundary constraints as discussed in

the previous chapter.
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Contact regions and the mesh must now be definedtaCt is not defined using the script as
this has to be redefined every time material isoveed from the unit block to simulate wear,

and Abaqus CAE includes very simple commands fadifig contact pairs based on

geometry which are sufficient for this model. Thedal also has to be re-meshed for
different levels of wear, and this is left for thger to perform. The mesh pattern at the
bottom contact surface must have a regular stredturuse in the friction model, discussed
in the next chapter. This structure is shown iruFeg3.7. Each thread section is split in two
in they-direction, as is every resin spacing section. Baafp thread is split in two in the

direction, and each weft thread section split fotar in they-direction.

X
v
Weft
thread \
Resin =~ 4
g B ——
spacing / "

Warp Weft
Huead Huead

Figure 3.7 Bottom side of unit cell with mesh pattern shown
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3.3 Post-Python Tasks

As mentioned earlier, some tasks need to be peeiwmmanually after the Python script has
been used to prepare the model for analysis. ¥irsthterial must be removed from the
bottom of the unit cell if an amount of wear iskie simulated. This is done by creating a
block with the same dimensions as the bottom serféc¢he unit cell, and with a height equal
to the wear depth simulated. By placing this actbssbottom of the unit cell, as shown in
Figure 3.8, and subtracting its geometry from therall geometry, the size of the unit cell is
reduced. The bottom platen must then be relocatélket new position of the bottom surface,

and the set for the bottom of the unit cell musiiaually re-defined.

The mesh pattern must also be manually specifibts I8 done by placing nodes on the
border of the unit cell, and allowing DSS Abaqusbtold the mesh. Figure 3.9 shows the

placement of nodes to create the mesh shown iré-B)d.
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Figure 3.8 Node placement on bottom surface of unit cell tecdy mesh layout, node
locations in pink
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Finally, the analysis input file must be generatid@n modified. DSS Abaqus allows most
output types to be selected from the GUI, howelerftiction model requires theaxis and
z-axis coordinates of all nodes on the contact serfalong with the contact pressures at
these points to be available as output informatibime following lines must therefore be
manually inserted at the end of the Abaqus analgpist text file, so that this information is

outputted as part of the analysis.

* CONTACT PRI NT, NSET=Bottom side, FREQ-1
CPRESS

*NODE PRI NT, NSET=Bottom side, FREQ=1
COCOR1, COCRS,
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3.4 Results

When a constant pressure is applied across thegidpplane in the model, contact pressures
are generated on the bottom surface of the modhel.pfessure at any point is dependent on
both the stiffness of the material in contact, #mel material directly above the material in
contact. Figure 3.9 shows the contact pressureouordt three different levels of wear,
alongside a side view of the unit cell with theimekidden showing the material removed
from the bottom. The contact pressures are norethligith respect to the maximum contact
pressure and are therefore independent of the fappdied. High pressure regions are
encountered where there is a high proportion éf sginforcement either in the contact or
just away from the area in contact, with low pressareas where there is a high proportion of
soft PTFE either in or just away from the cont@gkas with a high proportion of resin in the
contact tend to a normalised pressure of approrimn@t3. The long areas of low pressure in
the y-direction seen when there is no wear corresponthéosoft PTFE warp threads,
however once a wear depth af & achieved these strands have all been worn awdyhe

surface threads are now predominantly orientetiex-direction.
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CPRESS
1
0.8
0.6
0.4
0.2
0

No wear

CPRESS

Wear depth 4

CPRESS

Wear depth 24

Figure 3.9 Normalised contact pressure profiles shown foredéht amounts of wear,
alongside side-view of unit cell with resin hidden
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3.5 Technicalities of Python Script

3.5.1 Selecting Points

Selecting a section by coordinates is not an imatelji obvious challenge. The most reliable
way of doing so involves calculating the coordisaté the centre of the section and using
this in a command to be applied to that sectiondifg these coordinates however requires
additional calculation, and therefore increasesdbmplexity of the script. An alternative
means of selecting a section is, if the coordinafes point at the intersection between two
sections are known, to use the coordinates of that @t the intersection plus a small
increment to choose one of the sections. Figuré 8hbws a datum point in red surrounded
by four surfaces. If the coordinates of the pamtad are (0, 0), to select the top right section
(dark blue) would require reference to a point (§ € +s), and to select the bottom right
section (light yellow) the coordinates would beH{8, 0 — s), wheres is much smaller than

the dimensions of any section.

Figure 3.10 Datum point (red) surrounded by 4 surfaces (dauk dight blue, yellow, light
yellow)
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3.5.2 Mesh resolution

The time necessary to perform a finite elementyamalof a model is dependent on the
number of elements in the model, which for a gigeometry depend upon the fineness of
the mesh. In this model, a compromise had to bexdobhetween a mesh which was
sufficiently fine as to produce a useful contacessure contour, but with a realistic

computation time.

For a single variable, such as maximum displacengegtaph can be made of displacement
versus mesh resolution, and therefore a mesh whislfficiently fine that the results are
independent of the mesh resolution can be found,aafiner mesh will not lead to a more
accurate result. In the case of a contour howerereasing the resolution of the mesh will
always increase the resolution of the contour anesscale, and as such the concept of a

mesh-independent result is less applicable to costo

Figure 3.11 shows the contact pressure contourhenbbttom surface of the unit block
without any material removed at three different Imdensities denoted as low, medium and
high density. By moving from a low-density to medigdensity mesh it can be seen that more
detailed information is gained on the location ohtact pressure peaks and valleys. In the
case of the high-density mesh information is noheg on the location of these peaks and
valleys, it is the definition of the boundariesweén these areas that is increased. The low
mesh density allows the model to be analysed s tlegn ten minutes on the computer used

for these simulations, and the medium mesh deadlitys the model to be analysed in one
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hour. The high mesh density model can take over fmurs to analyse, and the trade-off
between increased resolution and increased procetsie was not seen to be favourable.
The medium-density mesh was therefore adoptedenergtion of contact pressure contours
used in the friction model. Computation times ateviously dependent on hardware
specifications and additionally, since the develeptof this model, there have been
considerable improvements in the analysis spee®3% Abaqus. As such, there is the
potential for future models to be meshed at muckerfiresolutions without necessarily

increasing the analysis time unduly.
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Low mesh density (8000 Elements for unit cell model)
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High mesh density (50000 Elements for unit cell model)

Figure 3.11 Normalised contact pressure contour of bottom seréd unit cell meshed at
different mesh resolutions (left) and contact stefenesh (right)
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3.5.3 Omission of Reinforcement L ayer

The test liner also has a further reinforcemenkimaclayer. This has not been considered in
the analysis presented. In order to show that eomss the reinforcement layer in the finite
element model did not have any significant impactresults, a model was created which
included this layer, with all the same boundarydibons as the previously described model
of the test fabric alone. The thickness of thistay the finished liner was obtained from
tomography. Figure 3.12 shows the finite elementi@ehassembly, with the test fabric in red

and the reinforcement layer in green.

Figure 3.12 Finite element model of test fabric and reinforeatrlayer, with the test fabric
in red and the reinforcement layer in green

The reinforcement liner stiffness was given twouesl representing the lowest and highest
possible values. Three cases were compared; thintrsalone (case 0), the test liner with a
low stiffness reinforcement layer (case 1), and tkst liner with a high stiffness

reinforcement layer (case 2)
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To assess the effect of the inclusion of the regg@ment layer, the contact pressure contours
for the three cases were compared. Figures 3.13 3abdl show the results of these
simulations. In the case of these figures the dffees in the results are extremely minor,
and can only be revealed either by very close ctape of the contact pressure contours or
examination of the raw data. For the higher wegptluepresented in Figure 3.14, the
differences are more apparent, but in all casa® tlsdess than a 10% variation in the contact

pressure values.

The inclusion of the reinforcement layer in the mlothcreases the processing time of one
analysis by betweernx4and 1, as the interface between the reinforcement lagdrthe test
fabric considerably increases the complexity of daéculation. When the Case 1 and 2
contact pressure contours were used in the frictiwdel, the difference in the overall
coefficient of friction obtained was less than 5%ganing that omission of the reinforcement

layer was a reasonable assumption, given the caaae@nprovement in processing speed.
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CPRESS
+6.355e+00
+5.826e+00
+5.296e+00
+4.767e+00
+4.237e+00
+3.707e+00
+3.1758e+00
+2.645e+00
+2.118e+00
+1.58%+00
+1.059%+00
+5.296e-01
+0.000e+00

Figure 3.13 Comparison of contact pressure contours at zeew foe Case 0 (top), Case 1
(middle) and Case 2 (bottom)
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CPRESS

+4.955e+00
+4.569e+00
+4.154e+00
+3.73%+00
+3.323e+00
+2.908e+00
+2.492e+00
+2.077e+00
+1.662e+00
+1.246e+00
+85.308e-01

+4.154e-01

+0.000e+00

Figure 3.14 Comparison of contact pressure contours at avuegr depth for Case 0 (top),
Case 1 (middle) and Case 2 (bottom)
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4. Friction M odédl

4.1 Concept Overview

The central concept investigated using the frictmadel is that the overall coefficient of
friction of the composite liner is dependent upba toefficients of friction of the different
materials in contact. It is further hypothesisedttthis overall coefficient of friction is
dependent upon the proportions of each materittieatontact interface, and also upon the

way in which the contact pressure is distributed.

The model uses the previously discussed Finite &fen(FE) analysis to obtain stiffness
information at varying wear states, which is therdito predict an overall friction coefficient

at defined states of weatr.

The research is concerned with the test bearingr,libut the wear simulation model is
designed so that its application to liners withfed#nt combinations of materials is
straightforward. This will enable it to be usedea®ol in material development — to minimise

both the time and resources necessary to develogefalternative bearing liner materials.
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4.2 Tribology Assumptions

In the case of a single material in sliding contaith a counterface as shown in Figure
4.1(left), the coefficient of friction will be thatf the material/counterface pair. We may then
consider a simple case of a block consisting of thfferent materials of the same size but
having unequal friction coefficients as shown igute 4.1(right). If it is assumed that the
interface contact pressure acting over the surfateke two blocks is uniform then the

overall coefficient of friction will simply be thenean of the two values for the two separate
materials, as shown. If the blocks are unequalize §the contact pressure remaining
uniform) then the net friction coefficient will b&eighted in proportion to the two areas in
contact. However, when the two materials are gifiicantly different elastic properties (as

is the case in a composite bearing liner) the apomof a uniform contact pressure at the
interface does not hold (even if the pressure edpdit the top of the composite block is

uniform) because of the different stiffness behawif the two materials.

LAMMMMARZ
RARIn IR

Tiihia®

. Material 1

Sliding |:| Material 2

:UMatl + luMatZ

,U - :UMatl ,U - 2

Figure 4.1 Coefficient of friction for single- and multi-matal interfaces (left) single block;
(right) two blocks of equal size.
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Assuming that in the simple case of the 50/50 aptia, one half is subjected to a very high
contact pressure, and the other half is subjeatelittte or no contact pressure, then the
overall coefficient of friction will tend toward$at of the material with the highest contact
pressure. Figure 4.2, for example, shows a two-maétblock in sliding, with different
pressures applied to each section. Assuming tlesetpressures are transmitted directly to
the contact, and they are not re-distributed atritezface between the two materials, then the

net coefficient of friction will be given by Equati 4.1

P
Pi1

. Material 1
|:| Material 2

Sliding

Figure 4.2 A two-material block with different contact presssion the two materials.

’u~: Fricion / _ FiAPL+ 1,A D, (4.1)
AP+ AP,

In the case of an n-material contact (such as dmeposite liner which consists of three
distinct materials) we make the fundamental assiomphat the overall friction coefficient is

based on the area in contact of each material,tlictontact pressures of those areas as
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follows:

/j:: AP+ AP+ 1A, (4.2)
AP+ ADP,...+ Ap,

Finally, we must take account of the fact thatha tomposite liner considered the contact

pressure between each individual constituent natand the counterface will, in general,

vary from point to point (as revealed by the FE mipcccording to the geometry of the

textile weave and the proportions of different mats in the composite.

4.3 Principles

The simulation of friction and wear at the linedoterface is based on the FE model. Values
are assumed for the elastic properties of the ttaest materials together with their friction
coefficients when in contact with the steel integaAn overall coefficient of friction is
calculated for the liner/counterface pair at a emnfwear depths, weighted according to the
proportions of each material in contact and confaessures of the regions in contact as

outlined above.

The contact force at each node of the friction rhaglealculated by multiplying the contact
pressure at the node by its associated area. Tdierial force at each node is then given by
the product of the force at that node and its aasmt coefficient of friction. The sum of
these frictional forces, divided by the area intaot) gives the effective coefficient of friction

for the contact interface, shown in Equation 4.3
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Fcontactnode = pnode x areanode

F

node = Fcontactnode X lunode

. — z I:no e
:U - d z ar.eanode (43)

It is important at this point to distinguish betwe®vo concepts — FE nodes and friction
model nodes. FE analysis makes use of elementshvihithe case of the model developed
are either six-node or eight-node wedge and biekents, respectively, with faces made up

of three or four nodes, as illustrated in Figui 4.

@® Node

Figure 4.3 Node distribution on Wedge (left) and Brick (rigbtements

Friction model nodes represent an area, speckpieatiectangular contact face comprising of
a single material. Friction model nodes exist & ¢tlentre of the contact face of each FE
element, and have both an associated area andactpressure, as illustrated in Figure 4.4.
In an FE model, pressurgy @re applied at nodes, and friction coefficieptsdre associated

with element faces. In the friction model, frictionefficients are applied over an area, and
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have an associated average pressure across thenelama,p .

@ FENode
P o[e[e FE Element
Y U y L L e p, “ @  Friction model Node
0|0|®
<« -5 FFICtIOh model Node
X X (Associated Area)

Figure 4.4 FE (left) and friction model (right) meshes ofiaen area

4.4 Abaqus Output Files

DSS Abaqus by default delivers results in a dawlfde (.odb) which can be used to

visualise results through the Abaqus results visaabn module. Data can also be requested
for certain results in a tabular format, and tisislone by adding this request to the Abaqus
processer input file. To request the data for aifipearea, in this case the contact area, the
area of interest is manually selected in the usterface and given a name, so that it can then

be called in the input file.

The data required in this case are the coordirgteach FE node in contact, and the contact
pressure associated with each node. Forces arelatalt in the FE model at nodes,
irrespective of whether a node-based or elemergeba®ntact formulation is used, and
contact pressures are obtained by dividing theef@atthe node by its associated area to

determine the nodal pressure. These data are tla@maltly manipulated into a structure

98



Chapter 4: Friction Model

ready for use in the friction model, stored assa fde. Data are referred to by point number.
The point number is a method of referring to nodékout including the coordinates of the
point. Figure 4.5 shows an example of this numigescheme. In this example the bottom

right node would have the coordinates (0.25, 0ab) the point number (3,1).

0.3

wnlelele 0|0]|0

.. lele|e ole|e
o|o|e 1|@]0|®
0.1 0.2 0.3 123

Figure 4.5 Friction model mesh with dimensions (left) and @odimbering scheme (right)

These files all have the same structure — the tmgte lines define the wear depth step and
the number of points in theandy directions. The “wear step” is the notation usedééne

an amount of wear, and is described in the nexissedach subsequent row is then made up
of five data items — the point numberxrand thery, thex theny coordinate, and finally the
contact pressure at that node (in pascals). Tha fine is always five 0’s, to inform the
friction model code that it is the end of the filable 4.1 shows an illustration of this format,

along with an actual example in Table 4.2.
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Table 4.1 Layout of .csv file containing contact pressureadat

Layer no.

No. Points

(x)

No. Points

(v)

Point no. (x) | Pointno. (y)| X coordinate Y coordma Contact Pressure
Point no. (x) | Pointno. (y)| X coordinate Y coordimal Contact Pressure
Point no. (x) | Pointno. (y)| X coordinate Y coordimal Contact Pressure
Point no. (x) | Pointno. (y)| X coordinate Y coordimal Contact Pressure
0 0 0
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Table 4.2 Example of .csv file containing contact pressurada

2

25

33

1 33 0.3846 -1.17 0.2612
2 33 0.4346 -1.17 0.4569
3 33 0.4846 -1.17 1.48

4 33 0.5558 -1.17 1.732
0 0 0 0 0

The layer number in Table 4.1 is not read by tiwtidn model code, and is there to allow
the user to see which wear depth a .csv file cpards to without knowing its file name. The
number of points in th& andy dimensions are used to specify the size of thaeyatrat the
contact pressures will be read into. Currentlydhays are the same size for each wear step,
however this feature gives the potential for défermesh sizes to be used at different wear

steps.
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As seen above, the first three lines of each fietain data both for the user’s information
and to define the size of the arrays needed. Tateare only read into the friction model
for the first wear step (all wear steps have idehtmeshes in the contact region); for all
other input files this code indicates to the foatimodel where to begin loading contact

pressure values into the .csv file.

4.5 Wear Steps

The friction model calculates overall friction cbeients corresponding to discrete amounts
of wear of the liner material, split into a seregswvear “steps’A, where 8A is the maximum
wear depth considered for normal use. The reasonsHoosing these particular wear
amounts are to maintain the same mesh patterneatdhtact interface while removing

discrete amounts of material from the model.

The numerical procedure for simulation of wear @ffeely removes layer after layer from
the original surface of the composite liner therebyealing different strata of the textile
weave. As each “wear step” progresses througlvidave it therefore exposes surfaces with
different mixtures of the three components (reiodonent, PTFE, resin). This affects not
only the area-fraction occupied by each componaumt,also the way in which pressure is
distributed on the surface due to changes in thal Istiffness behaviour of the liner when

loaded in the FE model.
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The wear simulation process, involving reductionghe volume of the model clearly has
implications for the FE element structure. If wensider a section of one of the PTFE yarns
in the warp/weft direction, for example, due to gagtern of the cell division it is possible to
remove discrete amounts of material while maintgrthe mesh pattern. Figure 4.6 shows a
section of a weft thread with example mesh pattatiikree different levels of wear. It can be

seen that in all cases there are four element fawéise bottom edge of the unit cell.

Figure 4.6 Single weft thread (top) with mesh pattern of tighhghted section shown at 3
different levels of material removal (bottom)

The figure shows that by using cuboid and wedgeethalements, the same number of
elements in contact can be maintained despitetliaaged geometry. In the above example
the mesh is too coarse and would lead to mesh-depénesults, however these areas can be
broken down into smaller meshes to obtain a medégendent result while maintaining the

same number of elements in contact, as illustraté&dgure 4.7
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Figure 4.7 Actual mesh of section seen in Figure 4.6

4.6 Modd Structure

The friction model utilises the contact pressureadgenerated by the FE model, along with
definitions of the materials in contact, and cad¢es an overall friction coefficient for the
material at different levels of wear based on thepprtions of each material in contact and
the contact pressure variation. The model compo§es parts, which are discussed in detall
in the following sections of the chapter. Figur8 4hows a flowchart which illustrates the

sequence in which these parts are handled..
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Figure 4.8 Friction model flowchart

4.6.1 Model Setup

This section sets up the variables used in thédnanodel, be they integers, real (decimal),

numbers or arrays, etc.

The friction model code begins by naming the exadlet file that will be created. It then
defines all variables used, be they numbers oysrifaor example, “sxI” and “syl” are the
dimensions of the friction model node arrayxiandy, and are defined as integers, as these

will later be read in from the Abaqus output files.
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The friction model defines one- and two-dimensiocaahys, their size not being set at this
stage, as this is dependent on the data read m fhe Abaqus output files. The one
dimensional arrays (sx, sy, sxa, sya) are use@ltulate the size of the associated area for
each friction model node. The remaining arraysumed to define different information for

each wear step, withdenoting the integer value of the wear depth:

» Area of each friction model node (“area”)

* Young’s modulus at each friction model node (“yosiig

» Contact pressure at each FE node (“cprgss

» Contact pressure at each friction model node (‘s3mi’)

» Friction coefficient at each friction model nodedgén”)

» Force due to contact pressure at each friction inumbie (“forceeh”)

» Force due to friction at each friction model nodadforcen”)

» Force due to friction at each friction model nodssuming a non-varying contact

pressure distribution (“testfricma)

4.6.2 Load External Inputs

The contact pressure distribution generated byrthanalysis must be prepared to be read in
from .csv files. These data must first be extradtedch the FE results and processed into a

format appropriate to the friction model, as ddsailiin a previous section.

The blank, undimensioned arrays are then givem thigiensions, in terms of the data read in

from the beginning of the Abaqus output files, @mmis of “sxI” and “syl”. These are the
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number of nodes in thre andy-directions, and therefore “sx|-1" and “syl-1" atee number

of friction model nodes in the andy-directions.

The data from the Abaqus output files are now iagmithe model. The contact pressures are
read into a contact pressure array for the cumear step, and, in the case of the first wear
step, thex- andy-coordinates of each FE node are also read, ththighis necessary for

subsequent steps.

4.6.3 Format Data

By reading in the coordinates of all FE nodes, dize of the rectangle associated with the
friction model nodes can be calculated by findihg difference between the andy-
coordinate of each FE node and its neighbour. iBhierformed once for all wear steps, due
to their identical mesh patterns. Once the twoyarmef x andy vertex lengths have been
calculated, they are multiplied together to giveaaray of the areas associated with each
friction model node. These values depend on thelugsn of the coordinates tabulated by
the FE model, but the difference between the suralldfiction model node areas and the
actual total contact area is always less than O, XBesefore this is not seen as a source of

significant error.

As discussed earlier, in this model there will aferde one more node in any axis direction in

the FE model than there will be in the friction rebdrhus the size of any array of FE nodes
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has to be reduced by 1 in all dimensions to mattihthe size of a friction model node array.
The matrix reduction is performed by taking an agerof the four FE nodes which surround
the friction model node. This process reduces diselution of the data, however a check is
included to compare the total contact pressurerbefod after the downsizing process, and in
all wear steps the difference between the totalampressure before and after was less than

1%.

4.6.4 Define M aterials

An array is also created for each individual weap ©f the same dimensions, but containing
the coefficient of friction for each friction modebde based on the material in contact at that
node. As no suitable method of transferring thisnmation between the FE model and the
friction model code was identified, this array wasilt manually. The Abaqus graphical

interface is used to view materials definitionsedgments, and this is transferred to the

Friction model code by specifying the material atlrefriction model node in the array.

4.6.5 Calculate Friction Coefficients

Once all the necessary arrays have been genemadefilled, they are multiplied together as

according to Equation 4.3.

- — Z I:no e
Iu - d z areanode (43)
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Two other “check” values are also calculated —ttital tangential force at each wear step,
and an average area-weighted coefficient of faictior the material based on the areas in
contact and their coefficients of friction, but ribe contact pressures, as seen in Equation

4.4,

TotalForce= z F

node

— z (lunode X areanode)
/x\/gyl - :E:Eireaekode (4“Z1)

A deviation in the total force would indicate thether not all contact pressures have been
read in correctly in that step, or there is a peabin the array reduction between FE contact
pressures and friction model contact pressures.alieage coefficient of friction acts as a
benchmark for the overall coefficient of frictioand significant deviation between these
values could indicate a miscalculation within tmetion model code and can be used to

prompt a checking investigation.

The values for the coefficient of friction for easfear step, with and without inclusion of the
contact pressure weighting, are then displayechéo user. These will vary based on the
coefficients of friction specified for each matéiiia the contact, so careful consideration of

the values used is necessary
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4.7 Results

In order to produce a friction coefficient for asgh wear step, coefficients of friction must be
defined for the three materials in contact. Asftitare application of the model was seen as
being for analysis of pre-prototype liner materialsriving these values from bespoke tests
was not seen as appropriate. Instead values were feom a commonly available source for
the stiffness and coefficients of friction of thekeee materials. Table 4.3 shows the values

assumed for the friction coefficient of each materi

Table 4.3 Friction coefficients of materials used in frictiorodel (Engineering Toolbox,
2013)

Friction Coefficient

PTFE 0.04
Reinf. 0.2
Resin 0.6
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Figure 4.9 shows the variation in friction coeffist versus wear depth generated by the
friction model. There is an almost constant coedfit of friction of 0.18 until a wear depth of
4A, at which stage the coefficient of friction incsea significantly. This increase in the
coefficient of friction is attributed to the incin the proportion of reinforcement in the
contact region. Figure 4.10 shows the variatiothenproportion of each material in contact.
It can be seen that after a wear depth &f the proportion of reinforcement in the contact

region increases sharply.
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Figure 4.9 Variation of friction coefficient with depth of wearedicted by the friction model
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Figure 4.10 Proportions of materials in contact at varying wagpths predicted by the
friction model

The sensitivity of the results to the assumed enefits of friction for each material was also
assessed by simulating each material successividlyanriction coefficient of 1.0 and the
other two materials with coefficients of zero. Figu.11 shows the results of this analysis,
and demonstrates that the model is most highlyitbem$o the coefficient of friction applied
to the resin, except in the case of a wear deptBAofvhen it is most sensitive to the

coefficient of friction of the reinforcement.
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Figure 4.11 Results of sensitivity analysis of friction model

Figure 4.12 shows a comparison between the reghttsned from the friction model with
and without taking account of the contact pressargtion across the interface. The values
without the contact pressure variation are easigenerate, as they only require knowledge

of the proportions of materials in the contact aedifferent wear depths.
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Figure 4.12 Results of friction model with and without contacessure bias

4.8 Limitations

The friction model was originally meant to use @mttpressure data from the FEA model at
element integration points (in this case the ceatrthe element), as this would match the
number of points with the size of the friction mbdeesh. A difficulty was found, however,

in obtaining the dimensions of the elements whendata were requested in this manner,
which meant the area of each element could nosbd in the friction model. As a result the
information about contact pressures is read inodes, and the averaging process discussed

earlier is used to obtain the effective pressutm@on each element.

The friction model was originally intended to belhly flexible with regard to the number of
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wear steps used and mesh density of the FE/frichodel models at each of these steps. The
final code is built on this principle, However, rediable method for obtaining data about the
material assignment at the Abaqus elements in coatauld be found which was available in
a useful format. The array defining the coefficieftfriction of each friction model node
(based on the material it is associated with) isew part of the model, and due to this
limitation it has to be created manually. This ngetrat each extra wear step has to have this
array manually defined, and it also has to be raddffollowing any changes in mesh density

for existing wear steps.
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6. Wear Model

6.1 Theory

The wear taking place in composite spherical plaarings is in general a much simpler
process than the complex wear mechanisms founagbimchted rolling-element bearings. In
principle, the area of the bearing liner subjedi@doth load and sliding will wear away,

gradually increasing the conformity of the linedahe inner ball, thus distributing the load
over a wider contact patch. Figure 6.1 shows tmstitoient parts of a spherical plain bearing,
with the non-conformity between the inner ball déinel outer ring exaggerated for clarity. The
three components considered are the inner ballchwhill fit onto the reciprocating part of

the application via a shaft, the outer race, whwdhfit into a housing in the non-moving part

of the application, and a composite self-lubriogtimer which resides between the two. This
is a typical arrangement, and other configuratiwhsre both the inner ball and the outer ring
are in motion can be reduced to this case by sirophsidering the relative motion of the
components. The bearing is subjected to a load,thednner ring reciprocates with an

oscillation measured in degrees about the centtigeainer ball, and with a frequency in Hz.
Rotation about the axis normal to the axis of lapglication and the axis of reciprocation is
also possible. This is referred to as misalignmant is a result of misalignment between

components in the overall assembly.
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Load

Liner Inner ball

Outerring

Figure 6.1 Schematic arrangement of spherical plain beariily @xaggerated non-
conformity between inner ball (grey) and outer ridgrk blue), also showing the composite
liner (light blue) and the load and reciprocatibattthe bearing is subjected to

The lifespan of a bearing is measured by the nurobeperating cycles under load until the
bearing is no longer suitable for the applicatibmthe case of rolling element bearings, the
end of a bearing’s life is usually characterised dgtastrophic failure, resulting in
significantly increased friction and often a stwrel failure of the overall bearing. In most
applications of spherical plain self-lubricatingabegs, the bearing becomes unsuitable once
the clearance or “backlash” has reached a prerdeted limit. Backlash in this example is
the maximum radial internal clearance, defined Hse"total free play between the ball and
the outer ring when measured in the radial diregtice., normal to the centreline of the

bearing bore.” (SAE, 2007)

A means of modelling the progression of backlasér ke life of the bearing is sought both
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for estimating the lifespan of a bearing in a giagplication, and predicting the effect of

changes in bearing geometry or operating conditibnpractice is is found that the majority

of wear takes place on the liner due to loss ofenmelt Some wear is seen on the inner ball,
but this is invariably much less than that whidkegaplace on the liner, and usually amounts
to a marginal change in surface roughness ratlaer ahchange in form. The inner ball and
outer race are manufactured from steel and thesgaoents are an order of magnitude
stiffer than the liner material in practice. Indaulating a simple wear model therefore, the
liner may be treated as the deformable, wearabigpooent sandwiched between rigid, non-

wearing parts.

In the wear model considered here, contact betweeriner and inner ball is calculated
based on the liner’'s elastic stiffness. Elasticodehtion of the loaded liner is assumed to
behave according to a simple bedspring model (0hd987) as illustrated in Figure 6.2.
The figure shows “springs” (initially all of the @ length in this case) supporting the load
applied between a rigid curved body and a rigitl fldae springs are deflected to conform to
the shape of the rigid body, so that for a givemgfation of the rigid body, there will be a

variation in the deflection of the springs.

161



Chapter 6: Wear Model

Load

EEpret:

Figure 6.2 2D bedspring model of a rigid circular object @lwnder load supported by a flat
body represented by a series of springs, with #n@atron in deflection of the springs visible

In general all springs in a bedspring model haveassociated length and stiffness, which
: . . AL, . . .
means that a given strain of a sprlng:(T) will give a stress due to contact, herein

EAL : ,
referred to as a contact pressue, (... = T). This contact pressure will be dependent on

the length I[) and stiffnessK) of the spring considered. By considering the &quoa for

stiffness and straing = g ands = A—LL
£
EAL
Jcontact = |_ 6'1)

The product of the contact pressure of a spring idssociated are®)( gives the load
carried by that spring. For a flat bedspring mottet, sum of the load carried by all springs

gives the total load carried.

EAAL
Vvtotal = T
allsprings

(6.2)

The area and length of a spring is dependent ogebmetry of the model, and its stiffness is
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dependent on the properties of the material torhalated. This means that if the deflection
of all springs in a model is known, the load applte the rigid part in the model can be

calculated.

In order to create a model of a spherical beaangethod of calculating the displacement of
the ball into the liner is necessary, which givikes variation in displacement of the liner
across the contact region. To calculate the dispt@nt of the inner ball into the liner, the
concept of eccentricity was used as in journal ihgatheory. In a journal bearing the
lubricant is oil; in a composite bearing the lubnt is solid, but the geometry of the space

between the rigid parts is the same.

Figure 6.3 shows a journal bearing, with the jol{gaey) surrounded by a lubricant, with
the clearance between the journal and the bearaggerated. The clearance of the journal
bearing,c, is the difference between the radius of the bega(R,) and the radius of the
journal (R). The eccentricity of the journag, is the distance between the centre of the
journal (Q) and the centre of the bearing,)JOThe gap between the journal and the bearing,
h(®), varies dependent on its radial positi@nwhich is the angle measured from the centre
of the journal. The minimum gap{i,) and maximum gaphfay are found along the axis of
load application in the case where there is noprecation. The axis of translation is the
radial direction at the point where the gaphijs, i.e. 8 = 0. In the composite bearing
application this is also the direction of load aggtion, as shown in Figure 6.3. (In a journal
bearing the axis joining the maximum/minimum cleaes does not in general align with the

load axis due to the nature of the hydrodynamicitation mechanism which is governed by
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the Reynolds equation).

Journal

6=0

Figure 6.3 Diagram of journal bearing with lubricant, showigy components and
dimensions

The eccentricity ratic, is the eccentricity of the journad)(divided by the radial clearance of
the bearingd). The eccentricity of the bearing is typicallyeaf orders of magnitude smaller
than the radius of the journal, so, as in hydrodyiegournal bearing theory, the gap between

the journal and the bearing at any angular positiay be closely approximated by

h(6) = c(L+ £cosb) (6.3)
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6.2 Spherical Plain Bearing Liner Contact Model
6.2.1 Relationship between Contact L oad and Eccentricity

This model is first applied to the case of a twmensional journal bearing with a self-
lubricating liner. In this case the gag), is the distance between the journal and the outer
race at a given radial position. For a very snabl, just enough to give contact, the distance
hmin Would be the thickness of the lingr,If a significant load is appliedy, this will cause

the liner to deflect in the contact region, and tiaimum gap will be less than the thickness
of the liner. The deflection of points with gapsdehan the thickness of the liner can be used

in Equation 6.1, along with the calculation of limeflection at a pointAl =t —h(é8 ,)to give

_ E(t=N(6))

J(H)contact - L (6 4)

By dividing the area in contact into a series oihor nodes, with the deflection known at

each of these points, a contact pressure contouthea be calculated.

For a flat bedspring model, the total load is fodrmn the sum of all contact pressures
multiplied by the associated area covered by egwing In the journal bearing case,
however, the spring axes are not parallel, theeefloe load carried by each spring has to be
resolved into the direction of the axis of load laggtion. Figure 6.4 shows a spring with a
gap ofh(#), highlighted in red, which is inclined at anglérom the axis of load application.

If dAis the liner area corresponding to the springatieunt of load carried along the axis of

load application, will be
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W, =co

sé?wA forh(@) <t

W, =0 forh(9) > t (6.5)

The total load carried by the liner will be, fot pbints withh(f) less than the thickness of

the liner,

i E(t - h(8))dA

Vvtotal = _ZWH Z_Z COSQ L Q)S

Equation 6.6 can be extended to the spherical maseded tha? is then treated as the solid

angle between the radial direction correspondirgréadA and the load direction.

Journal

6=0

Figure 6.4 Diagram of journal bearing adapted for self-lulticg liner, with a spring
highlighted in red, and its associated radial pmsif?) and gapt§(¢)) shown
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6.2.2 Liner Contact Mode Discr etisation and Solution M ethod

By finding a solution to Equation 6.6 in three dms®ns, we can calculate the load applied
to the inner ball for a given eccentricity ratichel'solution is simplified by defining some of
the variables according to the bearing quantifiée stiffnessE, is the stiffness of the liner,
and is based on either empirical evidence or datm fa finite element analysis of the
material. The length of the sprinds,is the thickness of the liner, and the initia@asiancec,

is known from the geometry of the bearing specifi€dis leaves only the area associated
with the springsA, the cosine of the solid angle between the spaimd) the load-line, cés

and the eccentricity ratie, to be found.

In order to solve the problem analytically, theelins divided by a mesh — a series of points
(nodes) each with an associated area, materiabgrep and representative geometry. In the
3D model, a mesh pattern is generated over thacidf the inner ball, and this mesh is then
projected onto the liner. As the clearance betwtberinner ball and outer race is very small
compared to the radius of the bearing, this is seean acceptable simplification. The mesh
contains a series of nodes at whifhl) can be calculated. Nodes are defined by coordinate
in (z, «). Thez-coordinate is the axial distance measured fromrther ring mid-plane, and
the a-coordinate is the rotation about the ring axislefined in Figure 6.5. Thecoordinate

is the distance from the centrelire< 0) to the point of intrest, and is positive he teft of

the centreline, and negative to the right. &hoordinate is the angle measured from the line
of load applicationq = 0) and is negative in the clockwise directiomg @ositive in the anti-

clockwise direction.
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Front

Side

z=0 a=0

Figure 6.5 Front- (left) and side-profile (right) of inneng of spherical plain bearing,
showing coordinate system and example point (ASdriBgs, 2013)

The domain oz IS Zna< Z < Znaxy and the domain aof is - < a < z. The mesh of nodes
divides the spherical surface of the inner ringequal increments af and « and this is
referred to as a regular mesh spacing, althougtdigtance between mesh points and the
spherical surface is not uniform. In tek&imension, the mesh is split into a series of sode

with a spacing offz in the z-direction. This quantity is calculatedtire following manner,
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wheren, is the number of divisions in tizdimension.

Az = Zomax (6.7)

Nodes are required on the centreliaes 0, so it is therefore necessary thatis an odd

number. This is illustrated in Figure 6.6.

%Az Az

Figure 6.6 Front-profile of inner ring of spherical plain vee, showingz-dimension mesh
whenn=5, with nodes lying along dashed lines

In the a-dimension, a similar equation is used, wifl being the spacing between points in
radians, and, the number of divisions in the dimension. For a constant load direction
relative to a fixed outer race, contact can onlgun@mn one half of the liner, irrespective of
movement of the inner ball, and for this case than ofa was adjusted to #x< a < Var,

to significantly reduce the number of calculatiori® allow the future potential for
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introduction of a moving load line however,ax is left as an adjustable parameter.

rg =20 (6.8)

Nodes are required on the centrelines 0, and do not extend to the far edge of therinne

ring. It is therefore also necessary thats an odd number. This mesh is illustrated in Fégu

6.7.

Figure 6.7 Side-profile of inner ring of spherical plain bieg, showingz-dimensional mesh
whenn,=5, with nodes lying along dashed lines

Figure 6.8 shows the two meshes combined, withxamgle point highlighted in red and its
associated area highlighted in blue. The area agedowith a node is half the distance to its
neighbouring nodes on all sides in both zkexis direction and-axis direction. In the case

of a flat plane withx- andy-axes, the area would be

A=(*2dx+%2dx)x ( Y2dy+Y2dy)=dx dy (6.9)
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This model is however spherical, and this sphergaimetry must be taken into account

when determining the area associated with a node.
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Figure 6.8 Node (red) with associated area highlighted (blue)

Due to the equal spacing of the mesh, each poilhthave the same associated area. The
sphere is divided into spherical segments inzdémension, which have a surface area of
2nRh, whereR is the radius of the sphere ama the height of the segment. This is illustrated
in Figure 6.9. In this model, the height of thersegt isdz and the radius of the sphere is the
radius of the outer rac®,,, minus the thickness of the linér,The area associated with a

node is therefore (Stojek & Osteryoung, 1989)

A=Aa(R,, —t)Az (6.10)
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Figure 6.9 Key dimensions of spherical segment (Stojek & @steng, 1989)

To derive a formula for calculating adfor all points, we consider two points on the aod
of the inner ball Py, the point through which the load acts, &)é general point of interest
— and the origin at the centre of the sph&eP, has the coordinategfzo) andP has the

coordinatesz«). This is illustrated in Figure 6.10

Figure 6.10 Front- and side-profile of an inner ball showingmeP (red) andP, (blue)
along with the associated dimension®gf
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From vector trigonometry, the cosine of the angiieen the vector®P and OP, is

OP+OP,
Ccosl = ——
loP

R

~0 (6.11)
OR)

If ry is the radius of the circle on which pofts located, andyo is the radius of the circle on

which pointPy is located, thetOP and OP, are given by

OP=-r,sinai+r,cosa [ +z[k

and OR = -1 sina 0 +r,,cosa [j +z, [k (6.12)
Combining the two gives

OP-. O_P0 = (-r,sina U +r,cosa 1 + z[K) L(-r . sina, [l + r , cosa, [ + z, [k)

OP O_P0 =r,ro(Sinasina, +cosa cosa,) + 2z, = 1,1, COS@ — a,) + 2z, (6.13)

As both pointd andPg lie on the sphere with radil®

loP|[=R  and |OR|=R (6.14)
OR)

Therefore

PsOR rr cos@ —a,) + 2z,

coSf = ———= =20 - (6.15)
oP|+ [OR)| R

From Pythagorus’ theorem we have

' +Z=ROr =R=-7Z and r,"+z =R0Or, =R -z’ (6.16)
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Therefore

OP+OR, _(\/Rz—zz-\/Rz—zozcos@—ao)+z;)

cosd = —— 5 (6.17)
P+ [OR)| R

All necessary variables are now available to s&geation 6.6, except fat
Z z E(t-h(8))dA

Vvtotal = ZWH ZZ COSQ% (66)

Equation 6.6 shows a direct relationship betwdky, ande . To find the eccentricity of the
inner ball for a given loadis varied until the total load for all points leetsame as the given

load, +F an error percentage. This is carried out numdyital repeated division.

Two values fok are initially createdshignh andeiow, and are given the following initial values

Eow = 1—l and &, =1 (6.18)

(@)

An ¢ value of 1 means tha/cis equal to 1, therefore the eccentricity is taens as the
clearance, meaning the inner ball has completemlgptessed the liner and has reached the
depth of the outer race at a poigign is initially set to this value as, in this modeljg not
possible to have a higher eccentricity that tharelece of the bearing, as the outer race is

rigid and cannot deflect. For the case where therimall is just touching the liner (under

- . . L t
almost no load), the eccentricity of the inner Imd—t, and ase =e/c this givesg,, =1—-—.
C
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The total load is initially calculated at a valuesaexactly half way betweeshign andejow. If
the load is found to be too highhgn is changed to the curreatvalue, and a newis found
between the newhigh andepw. If the load is too lowg is changed to the currentvalue,
and a new is found between the nesngn and gow. This process is repeated until thealue

gives the specified load, within a user-definedemargin.

6.2.3 Comparison of Liner Contact Model and equivalent Finite Element model

The simple bedspring model differs from a finiterabnt model primarily due to the fact that
adjacent springs have no connection, unlike aefialement model where adjacent elements
are connected. This means that in a bedspring maalgl springs which are within the
contact area are deflected, whereas in a finitmeht model there is some deflection outside
of the contact area. For a given geometry and thadverall contact pressure contour was
compared between the bedspring model and a findment model using DSS Abaqus
software. The model represents a steel spheriaa pkaring having an inner ball radius of
20 mm and a steel outer race of radius 22 mm, avidkb mm thick liner around the interior
of the outer race, with an assumed stiffness oGGP@. Figure 6.11 shows this geometry as
assumed in the finite element model. The finiterglet model is axi-symmetric and two-
dimensional, comprising of a rigid arc of 20 mmiuadto represent the inner ball, and a 0.5
mm thick liner of outer radius 22 mm, with an enmadoundary condition along its outer
edge to represent the outer ring. The inner ball @uter ring are not represented as elastic
parts as their stiffness is an order of magnitue20X) larger than that of the liner. Both

models had a mesh applied such that there weeasit 100 nodes in the contact region.
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Inner ball
(rigid surface) Liner
: Outerring
- ? (represented by boundary condition)

Figure 6.11 Finite element model of journal bearing with delfricating liner

Figure 6.12 shows the results obtained from thé#uspring-based model and the finite

element model. The key differences are:

* The bedspring model contact pressures are distdbaver a slightly smaller area.
This is to be expected as a limitation of the bedgpmodel is that it does not allow
for deflection (and therefore stress) outside @& tiontact region, whereas finite
element analysis does account for this effect. difference in the contact dimension
is minor (<2%) and is therefore not seen to beiogmt.

The bedspring model exhibits a higher contact jpiress the centre of the contact,
with a slightly lower contact pressure at the o@gge of the contact. This is due to

the difference in deflected shape between the linethe liner contact model and
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finite element model, as shown in Figure 6.13.

The differences between the two models were sianadl,the bedspring model was seen to be

an acceptable approximation of the contact behawotine spherical plain bearing.

000

5000 \—————-—

4000

Contact Pressure (N/mmz2)

3000

2000

AN
w000 L — Abaqus \\
N\

— Wear Model

0 0.5 1 1.8 2 258 3 3.5 4 4.5 ]
Distance from Center (mmj)

Figure 6.12 Comparison of results of finite element (FE) mogih bedspring model for the
assumed journal bearing geometry. The distance éemtre is a radial distance, not a vector
distance in the-axis/iz-axis direction.

Note: The overall load integrated across the contagion appears to be higher for the
bedspring model than the finite element model, kewas this is a circular contact the load
should be integrated acroas, which gives the two loads as equal to within 1%.
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Figure 6.13 Comparison of exaggerated deflected shape of ieeveen bedspring model
(left) and finite element model (right)

6.3 Adding Wear totheLiner Contact Model
6.3.1 Overview

In Chapter 4 the effects of wear of the compositerlon contact pressure and net friction
were modelled by prescribing the wear process asrowhich uniform layers of the surface
are removed to reveal different strata of the kek&sin mixture. The aim of the work
described in the following sections was to prethet instantaneous rate of wear of the liner
based upon an empirical wear model which assunses Wa&ar parameters for the individual
components of the composite. The wear model addptéhe simple Archard wear law as

follows

W
Q=K v (6.20)

This equation give®), the total volume of wear debris {ndependent ok, the total normal
load, H, the hardness of the softer of the two contactmaterials,K, a dimensionless

constant, andl, the sliding distance

For an area of A, the rate of change of liner thickned#/q, wheret is liner thickness and

178




Chapter 6: Wear Model

is time) will therefore be

dt _ Q KWu

Mt _ - (6.21)
dZ  dtAA HAA

Whereu is the sliding speedu€L/d{) for areadA. WIAA is the local pressurgy. From

equation 6.21 we then have

dt K
—NMNA=—u 6.22
ac o UP (6.22)

Let At be the depth of material removed per cycle. Farestant load, constant load direction

and a stationary outer ring we may write
Kp fi

At=—- |ud 6.23
i Jude (6.23)

Where(y is the period of one cycle of oscillatio8, the sliding distance of the inner ball

relative to the liner position considered over opele of oscillation is

Zo
S= j ud? (6.24)

Adding wear to the liner contact model involvesywag the liner thickness at a given point to
simulate wear based on load and sliding distaggther with a modification of the pressure
distribution across the liner surface based onctienge in thickness. Equation 6.25 shows

the contact pressure for a local liner thickned$ we allow for changes i, for a given
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displacementh{((#)) contact pressure will increase as spring lengtirehses.

_ E(t-h(9))

0(8) contact t (625)

By varyingt in a controlled manner, and periodically recaltotathe load distribution for

the modified spring lengths, it is possible to dmbelwear in the bearing liner.

6.3.2 Sliding Distance

In order to determine the sliding distance of anpon the liner against the inner ring over a
cycle, we find the integral of the sliding speedtlwespect to time) over the period of one
cycle. The sliding speed of the inner ring on therldepends on the operating conditions, i.e.
the oscillation angle and frequency of oscillatinthe reciprocation and misalignment

directions. In this model, only oscillation in theciprocation direction is considered, as most

existing test data have been obtained using thisomo

The distance travelled by a poin) fnoving around a circle or radii&sby S radians is
RIS (6.26)

Dependent on the position of a point which liesaomtating sphere, the radius of the circle
on which it travels is equal to or less than thdiua of the sphere, as highlighted in Figure
6.14. The radius of the circldy, on which a pointP, lies in the zaxis direction is

determined by
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RZ+Z =R therefore = RZ=R*-7 (6.27)

WhereRis the radius of the inner ball, amds the distance from the centreline of the paint i

thez-axis, illustrated in Figure 6.14.

z=0 a=0

Figure 6.14 Front- and side-profile of an inner ball showingnid® (red) and the radius of
the circle on which it lies in the z-axig;

Oscillation in bearings is usually described as Xf. This means that for a point lying
directly on the line of load, it will mov&® in one direction, theiX® back to its starting

position, therX® in the opposite direction, theff to return to its starting position. This is the
movement undertaken in one cycle. For an osciltagiogle + X°, the total angular distance

travelled by the point will be 4 X°.
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The total sliding distance over one cycif Equation 6.24) for a point witkdirection

dimensiorz, and oscillation of + X° on a sphere of radidgwill therefore be

S:\/RZ—ZZEAD(°EI?’26—HC (6.28)

6.3.3 Wear Model Operation

Figure 6.15 shows how the wear of the bearing terdened computationally. The routine
runs in a closed loop, which continues to “wea¥ limer until a pre-determined level of wear

has been reached.

Sliding distance for cycle calculated
based on operation parameters

!

Deflection calculated for given load

A 4

and current geometry

v

Contact Pressure contour calculated

Process continues for current geometry
until specified wear ¢
depth achieved Material removed based on sliding

distance, contact pressure and local

stiffness

v

Worn geometry obtained

Figure 6.15 Schematic of wear model routine
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The Wear Model produces three key outputs: the wediles; contact pressure contours at
discrete intervals; and the progression of backtasbugh the bearing’s life. The “discrete
intervals” correspond to whole numbers of cyclesciitan be varied to increase or reduce

the number of data produced by the model.

The contact pressure profile is obtained for infation only at this stage, but in future
applications of the model, where new materials tmayinder development, it may be helpful
as an indicator of pressure and temperature “htg&pbhe wear profile is output at discrete
numbers of cycles so that comparisons can be ntatleetwear profiles measured in actual

bearing tests.

6.4 Resultsand Comparison with Test Data

The results of the wear model may be compared miglsured backlash values across the
life of a bearing. By using the same parametergnaactual bearing test for the motion, load

and geometry of a real bearing, results can be aomdpwith bearing tests.

Bearing backlash values are usually monitoredio#-turing qualifying tests, i.e. a test has
to be stopped, and in some cases parts removedien to measure the backlash value. This
means that over the life of a bearing, there mdy ba one backlash value taken. A test rig
was used to monitor backlash values on-line whisttest rig continued to operate. These

values do not compensate for the deformation ofittes due to load, as they are measured
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from the deflection of the inner ring. In thesetsethe bearings were run until the bearing
temperature reached a cut-off limit. It is not kmoat what locations these temperatures were
taken in the bearing. Both ambient and bearing eeatpres were recorded over the course of
the tests, and three bearings were tested. Measlyreamic backlash values were obtained
periodically during the test and are presenteceims of the mean sliding distances at the
measurement intervals. The results of these testsaanmercially confidential, consequently

some details of the test and wear model paramatenemoved.

The wear model was given a set of conditions teallomatch those of the bearings tested
physically. The bearing was assumed to be in perfenformity with manufacturing
specifications — i.e. it met all tolerances. Thewdation was allowed to run until the liner
was almost entirely worn (the maximum depth was @%s thickness), and the simulation
covered the range of wear allowed to take pladberactual tests. The stiffness was set to an
appropriate value, and the load matched to thahefphysical tests, as were the frequency
and angle of oscillation in the radial directiono Wscillation in the misalignment direction

was included.

As no appropriat& value (the wear constant assumed in the Archaat \a&v) had yet been
found, this was set tox10°®, to ensure a high number of cycles to resolvertagimum wear
depth. The mesh density in teandz directions was increased until increasing therthir
showed no significant change in the results obthidde load error margin (the difference

between the load calculated iteratively and théloeal applied) was set at 0.01%.
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As the real bearing tests do not account for defiecof the liner, Figure 6.19 shows the
modelled deflection of the inner ring due to thembmation of liner wear and liner
deflection. Wear depth is presented as a functfoh, the “wear step” discussed in previous
chapters. As no appropriakevalue was determined within the timeframe of theqxt, the

predicted deflection is shown plotted against slidilistance normalised with respect to total

sliding distance.

/

L

-/
/

]

WEAR STEP

0 0.2 04 0.6 0.a 1
Proportion of Total Sliding Distance

Figure 6.19 Inner ring deflection as a proportion of total sigldistance from the wear
model

Figure 6.19 clearly shows the familiar two key teats reported in both the literature and
observed in the real bearing tests discussed eaHiest, the “phase 2" linear wear rate

behaviour after 20% of its total sliding distaneed, second, the rapid increase in wear in
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“phase 1” before 20% of its total sliding distantée simulation does not, however, exhibit
the “phase 3” wear out behaviour of a rapid inceaaswear in the final 20% of the wear life.

Figure 6.20 shows the predictions of the wear modgipared to the real bearing tests.

1% [
—— Bearing 1 /
1267 — Bearing 2 /
—— Bearing 3
10 T
—Wear Model /

Iy

WEAR STEP

2.5

0 0.2 0.4 0.6 0.8 1
Proportion of Total Sliding Distance

Figure 6.20 Real bearing test and wear model results showingriring deflection as a
proportion of total sliding distance

Figure 6.20 shows that while the form of the resolt the wear model is similar to the real
bearing tests in the first 80% of its total slididgtance (i.e. a slowing rate of increase of
wear with sliding distance), there is a differeircéhe magnitude of wear between the results

by a factor of about 2.5. This may be explainedadlews. The wear model is allowed to
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wear to a much greater depth than is possibleahbrearing tests, and the proportion of the
total sliding distance is a proportion of the siglidistance up to a wear of 30 From the
real bearing test data, Bearings 1 and 3 showalvatar depth of & is achieved at 60% of
the total sliding distance. All bearing test data éhe wear model predictions were therefore
re-normalised, this time with sliding distance gg@portion of sliding distance to achievé 5

deflection, as shown in Figure 6.21.

125 | |

—— Bearing 1

o 11— Bearing 2 i

——Bearing 3

—_tNear hodel

WEAR STEP

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 18
Proportion of Total Sliding Distance to 5~

Figure 6.21 Real bearing test and wear model results with inimgrdeflection presented as a
proportion of sliding distance to/&inner ring deflection

The main difference between the wear model andbeating test results are now seen to be

in the region of 70% to 100% final backlash. Thal lgearing tests show an increasing wear
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rate over this period which is not reflected in thear model predictions. In real bearings,
this is believed to be the result of increasedemes of reinforcement material in the contact
region, which increases the wear rate (as discuss€thapter 1). The wear model however
does not have a variable wear rate, and the ortlybae linked to the increase in

reinforcement material in the contact is the insecim localised stiffness.

The wear model exhibits the behaviour seen in itlsé tivo zones of the familiar three-zone
curve, discussed by King (1979) and others, whécancouraging. This correlation between
the wear model and the “knee” between zones ondvamds of particular note as this feature
is commonly attributed to the development of a PT&Ensfer layer”, yet no information
regarding such effect is included in the model. M/Imicrography of surfaces sliding with
PTFE do show the presence of such a transfer @amng et al., 2009), some researchers
believe it to be developed extremely early in theawprocess (Briscoe et al., 1988), long
before reaching ~20% of the total lifetime cycliess therefore hypothesised that this “knee”
is not the result of development of a PTFE trankfger, but a geometrical effect of spherical
plain bearings. Initially there is very small loagplication region on the unworn bearing
liner, leading to high localised contact pressued therefore wear rates. As the liner wears,
the load application region of the inner ball ireges, reducing both localised contact
pressure and wear rate. The “wear out” transitietwben zones 2 and 3 on the real bearing
tests however could be a result of the failurehef transfer layer, leading to increased wear
rates. As the transfer layer (and its eventualfa)l is not included in the wear model, this

could explain why the “wear out” feature is notrs@ethe wear model.
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7.1 Overview

The work described in this thesis was concerned witperimental measurement and
theoretical modelling of both friction and wear afparticular self-lubricating, composite
bearing liner material. A finite element-based tido model was developed which took
account of the detailed physical structure andtielassponse of the PTFE/reinforcement
textile weave/resin filler composite liner loadadcontact with a steel counterface. The effect
of increasing wear on the contact and friction béha was modelled by progressively
removing layer after layer of the contacting fadetlte FE model to reveal different
proportions of the constituent materials of the posite in contact. In this way a net friction
versus wear depth graph was obtained. The frictomificients of the individual components
of the composite assumed in the model were tal@an fyoth the literature and from values
actually measured in the test rig. The predictadfmeion values using friction coefficients
from these two sources were then compared to tlkeeabtriction measured in a bespoke
friction and wear test rig. In general the preglichet friction values based on the individual
friction coefficients obtained from the literatureere significantly higher than the
corresponding measured values. It was found ttfetalculation was particularly sensitive
to the friction coefficient of the resin filler, dncloser agreement between predicted and
measured net friction was obtained assuming a (ofsietion coefficient actually measured

in the test rig using an isolated resin sample.
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A numerical wear model for the composite liner wiesseloped based on a simplified
“bedspring” formulation for the elastic behavioufr the liner in contact with the steel

counterface. The Archard wear law was adoptedninterative scheme to predict the
progression of wear with sliding distance (undenstant load), taking account of the
increased conformity and redistribution of contpotssure due to wear itself. The results
from the wear model were compared with the resafitiill-scale bearing tests carried out
earlier by SKF, and good agreement was obtainedhiifirst 80% of the wear life of the

liner. The remaining sections of this chapter pnesediscussion of proposed future work on
the friction model, flat-on-flat coupon tests, atite bearing wear model, along with a

summary of the main conclusions of the thesis.

7.2 Aims and Objectives Met and Contributions

* A representative model of the liner material wasated, which is both efficient and

useful.

» A friction model for the bearing liner was creatédvas found that incorporating the
results of the finite element analysis did not @ase the accuracy of the model, but
the model provides a useful prediction of the watain coefficient of friction over
the operating life of the bearing liner providegapriate coefficients of friction are

used for the constituent materials.

* Experimental data from the flat-on-flat wear tegtiig was obtained, however due to

problems with the reliability of the rig, the dathtained were limited.
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A wear model was produced by adapting lubricatadnal bearing theory, which

proved to be accurate for the first 80% of the wigaiof a practical bearing liner.

* Results from the wear model show good agreementtivé initial wear behaviour of
full-scale bearing tests without accounting forgemce of PTFE. This suggests that
the formation of a PTFE transfer layer is not remiole for the transition between
initial and steady state wear behaviour as discusseelevant literature, and that the

transition is in fact a geometric effect.

7.3 Future Work — Friction Model

The friction model showed encouraging results wéygpropriate coefficients of friction were
assumed for the constituent materials and whemettiprocating sliding distance amplitude
was greater than 25 mm. The model matches theystatd (i.e. constant wear rate) period
of the trend of friction coefficient over the wdde of the bearing liner, and also the spike in
friction coefficient seen in some test resultsisinotable that the method of predicting the
friction coefficient without the inclusion of thesthiled elastic contact pressure distribution
provides good agreement with the experimental tgsuas this method is significantly
simpler to implement than that which calculates pessure contours across the contact
surface. There was a lack of agreement in the teesmhen the reciprocating sliding
amplitude is less than 25 mm. As discussed in @hdp the particularly low coefficient of
friction seen with a sliding distance of 12.5 mmnuldobe due to either the formation and
maintenance of a PTFE “transfer layer”, or poss#lthermal effect in the contact region.

Suggestions for the investigation of this effea drscussed in Section 7.3. To account for
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the impact of these effects on the coefficient rdtibn, some form of sliding amplitude
based parameter should be included in the moddahdnexperimental testing it was also
noted that lower mean contact pressure resultachigher steady-state coefficient of friction,
therefore it may be necessary to include some dagfrpressure-dependence in the values of

the individual friction coefficients of the constint materials in future work.

The current model should be validated using otlgrstiding materials. This would require
further testing on the existing flat-on-flat couptest rig. It would be desirable for this
material to either have the same structure as tineerd material, but with one material
changed (for example the resin), or for it to contaxactly the same materials, but in a
different weave structure, perhaps. This would hegmtify the variables which most affect

the model predictions and hence the real bearihg\weur.

Other factors which were not investigated experit@gnin this project include the effect of
counterface surface roughness and humidity. Theséators which have been identified in
the literature review as having a significant etffea the coefficient of friction of liner

materials. These factors are both discussed funth&ection 7.3, but including them in the

friction model would require further parameterd®considered.

The friction model should be developed to modaition in full-scale bearings over a range
of operating conditions. This would require develgmt of a full FE model of the bearing

liner and the two spherical components in orderiétd the extent of the zone of contact and
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the detailed pressure distribution under load.

It was noted in Chapter 1 that “bearing torque” ¢werall bearing friction) is generally

higher under “no-load” conditions, where a pre-laadintroduced by manufacturing an
“overclosure” which ensures that new bearings haneinitial contact pressure which is
relaxed as backlash develops due to wear. In thse enclusion of a contact pressure
dependency on the friction coefficient would all@emparison between loaded and un-
loaded bearing friction. If the concept of a cali sliding distance is also included, this
would allow identification of bearing geometriesialhmay be inappropriate or inefficient in

a given application. For a given load and angleosdillation, for example, reducing the
diameter of the bearing (subject to available leagacity, of course) also reduces the
circumferential sliding distance, therefore by reidg the diameter of the bearing, it is
possible in some applications that the coefficiehtfriction of the bearing will also be

reduced. The current friction model developed iis fproject is therefore a useful starting

point for the development of a more comprehensivdehfor industrial design purposes.

7.4 Future Work — Experimental Data

As discussed in Chapter 5, the number of data rddairom the flat-on-flat coupon test rig
within the timeframe of this project was limited. i suggested that test regime D in
particular requires further investigation, as thi®wed a significantly reduced steady-state
coefficient of friction. Further investigation intthe relationship between coefficient of

friction and pressure should also be carried ogitthés relationship can be combined with
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calculated contact pressure contours across tee iinreal bearing geometries to give an

estimation of bearing friction under a range ofdiog conditions.

If, in the light of further testing, the results tafst D1 are shown not to be anomalous, then
further tests using sliding distances betweendhétst C and test D should be carried out to
investigate the sliding-distance related transibetween the two steady-state coefficients of
friction. It has been proposed that there may hmitacal reciprocating sliding amplitude,
below which the friction coefficient attains a giigantly reduced plateau value. An
alternative hypothesis is that below the critidalisg distance, the coefficient of friction is
lowered as sliding distance reduces further. Tlisosd hypothesis is thought to be less
likely, as the coefficient of friction of ~0.035ee in test D1 is similar to that observed in
full-scale bearing tests (Henninger, 2011) and,artgntly, in coupon fretting tests of the
material, which have very low sliding distancesaybt, 2011). The proposed concept of a
critical sliding amplitude associated with a sigrahtly reduced steady-state coefficient of
friction should also be investigated with regardvteether it is contact-pressure dependent or

not.

If a critical sliding distance exists, the nextpste to investigate whether it is due to thermal
effects or the formation of a third body transfaydr. Options could include introducing a
heating element to the counterface artificiallygenerate a high temperature close to the
contact region. Of course the thermal/third bodea$ are not mutually exclusive — high
contact temperatures could aid the formation oftlirel body film, although in this case this

would still present the thermal effect as the goirey variable, as a useful third body film
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could not be formed without a sufficiently high teenature. Another method of evaluating
the two effects exclusively would be to run a tastil the steady-state coefficient of friction
has been reached, then stop the test for a suiffitime to allow cooling back down to
ambient temperature, then start the test agaithisncase it could be assumed that the third
body film had been formed, and was still presentemvtihe test was restarted. If the
coefficient of friction on restarting was found be higher, that would suggest that the
temperature was not high enough to make the tlody leffective as a solid lubricant. If the
coefficient of friction was unchanged, it would ilpphat the formation of the third body film

was the governing factor in reducing the coeffitigffriction.

As stated earlier, the impact of counterface roegenwvas not investigated with regard to
modification of the wear rate or steady-state c¢oeffit of friction of the samples. It was
noted in Chapter 1 that some published work impiesitical roughness for minimum wear
rate, and that if the initial roughnesses is abmvieelow this critical value, the roughness will
tend to this critical roughness over the courséhefwear life of the material. This effect is
seen in Chapter 5, where three different counterfacghnesses were tested. Papers in the
literature suggest that this critical roughnessighe region of 0.05 um Ra, whereas the
testing carried out in this project indicates aueabf around 0.22 um Ra. Ra is not however
an all-encompassing means of quantifying the foneti significance of surface roughness
however, as it does not account for form or thesgmee (or otherwise) of isolated, high
asperity peaks, therefore detailed analysis ofsimdace using profilometry is needed to

understand the important surface parameters aitgperformance.
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Humidity was highlighted in Chapter 1 as a key dach the friction of composite bearing
liners, however the test rig used in these experismdoes not have the capacity to either
record or control the local humidity. As the teststhis project were carried out over the
course of three years, there will have been flutnoa in the local humidity, both daily and
seasonal. It is proposed that, in future work, #ioe of recording local humidity be included
on the test rig, as recording this fluctuation doyderhaps, be used to explain the spread of

results in the same test for both friction and wesformance.

7.5 Future Work — Wear Model

In order to make the wear model useful as a mehpsedicting the wear of a given bearing
geometry, an appropriakevalue (dimensionless constant of wear) must badowhis value

should be obtained from experimental testing, aodlevhopefully be found to be uniform
across a wide range of bearing geometries. Thisldvimean that the wear model in its
current form could be adopted as an aid for predjoivear of a given bearing geometry for

at least the first 80% of its wear life.

The model should be further developed in orderréaligt the trend of wear over the last 20%
of the bearing liner life. If the rapid increasewear rate in this tertiary period is due to an
increase in the proportion of reinforcement in tdomtact region, & value could be used

which varies dependent on the proportion of recdarent calculated to be in the contact
region from models of the material. Inclusion oistfeature is possible through use of the

tools already developed in this project.
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In the current wear model, the stiffness of therliis taken to be a fixed value. It should be
possible to modify the model so that the stiffnelsanges with wear. In the case of the test
liner, the softest materials are predominantly he tontact region of the unworn liner,

meaning the liner becomes stiffer as it is worn.

By knowing the load and wear depth of points actbes spherical plain bearing contact
interface, it would be possible to make a predicid the overall friction coefficient of the
bearing and show the progression of this frictioaficient over the bearing’s wear life. This
would require information on the load/friction cbeient behaviour for different wear
depths, which was not available given the time spfatiie project. Once this information is
available and has been validated, integrating ititis the wear model would be a useful

additional feature.

A fully developed and experimentally verified beayifriction and wear model is an
ambitious objective. In the case of customer apfibos it could be used as an advanced
method of selecting the correct bearing geometryttfe given application. As an aid in the
development of new materials, it could be applisdaapreliminary screening method for

candidate materials, thus reducing the time speaairying out expensive testing.
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7.6 Summary of Conclusions

The friction and wear of self-lubricating bearingers are affected by a range of

factors governed by both the operating and enviemtal conditions.

Composite 3D textile weaves can be modelled infiacient manner when reasonable

engineering approximations are made with regatteo structure.

The friction model which has been developed is ipadrly sensitive to the
coefficient of friction used for the resin materaald care must therefore be exercised

in determining this quantity.

When an appropriate set of coefficients of frictiare used for the constituent
materials in the friction model, a good approximatiis made of the friction
behaviour over the bearing liner’s life when conggato experimental results from

coupon tests.

Coupon tests of the coefficient of friction of thearing liner suggest a dependence on

contact pressure and oscillatory sliding distance.

When the liner is subjected to a uniform contaespure, its wear rate is found to be

linear throughout its wear life.

The wear model using the continuum mechanics approgives a good
approximation of the wear behaviour of full-scasbng tests over the first 80% of
their wear life and has potential for further deygghent and improvement as a useful

design aid.
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