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system

Liang Ding, Dragos Axinte*, Paul Butler-Smith, AMb#élelhafeez

Machining and Condition Monitoring Group, Faculty of Engineering, University of Nottingham, NG7 2RD, UK

Abstract

The ability of polytetrafluoroethylene (PTFE) tordo tribo-film in dry sliding condition
makes it a popular liner material for self-maintere bearings, such as those in the
helicopter main and tail rotors. Nowadays, harerd or reinforcing-fibres are added to form
the PTFE composite with enhanced strength and mes&tance; however, this also leads to
increasing possibility of wear tracks on counteffaze and therefore more difficulty in
observing and characterising the transfer filmthis paper, a surface analysis method based
on using SEM analysis, supplemented with a Tim#éigit Secondary-ion mass
spectrometry (Tof-SIMS) techniques for calibratwas developed to give a comprehensive
view of the transfer film formation on bearing dteerfaces. Previous challenges in transfer
film identification and characterisation were alpmpointed. A series of laser surface
textures (dimples), designed for improving thedligical performance of the bearing were
tested, and the effects on transfer film formatiane been evaluated by the surface analysis
method. It is found that the depth of the dimplasutd match with the thickness of the
transfer film to achieve a benefiting effect of filen formation, while the diameter and the
coverage of the textures needs to be relativelylgmavoid a high level of abrasion.
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1 Introduction

Self-lubricated bearings, in which dry lubricantse anpregnated to replace external lubricant
supply, are widely used in engineering applicatidinere frequent maintenance is difficult
and fluid lubricating plant is challenging to impient. For example, for corrosion-resistant
powertrain where a continuous operation is esdefitja Molybdenum disulphide (Mo
journal bearings are used [2], and for artific@hjs which needs to be implanted in human
bodies for years, UltraHigh Molecular Weight Polyethylene (UHMWPE) sphatibearings
are adopted [3]. Another instance that faces sinskue is the helicopter main and tail rotors,
as the overall cost for ceasing the flight andiserg is dramatic [4], and light-weight design
is needed for ever-increasing demand for higheedp€&herefore, the helicopter rotor-heads
are generally equipped with self-lubricating begsifiunctioning by Polytetrafluoroethylene
(PTFE), a low-friction self-lubricating polymer. Ap from PTFE, the bearing liner
composite also contains reinforcing material sugtikavlar and glass fibre to improve wear
resistance. Similar with the MoS2 and UHMWPE, & baen proven that, the self-lubricating
property of PTFE is fulfilled by the transfer filflormation on the metallic surface during
sliding contact [5—7]. The formation and functiogiof the transfer film are then found
influenced by the topography and physical propgniethe counter-surface. For instance, in
previous research, it was found that the hardnéfiseocounter-surface [8], the value of the
average roughness (Ra) [9] and the pattern ofainghmess (from different finishing process)
can all have a great impact on the formation afdfer film, which consequently affects the
wear performance of the bearings [10]. Therefotegmstudying the tribological effects of a



modification technology on the counter-surface, dhalysis on its influence on the transfer
film has always been the key element to illustrdte mechanism how it may alter the
frictional and wear performance of the bearingsveéMiineless, it seems there has never been a
consensus on how to establish a systematic obgarwadtthe transfer film. Early studies on
the PTFE transfer films used optical techniqueshsag interference microscopy [11] and
ellipsometry [12], utilising respectively the omlgoath difference (OPD) and the change in
polarisation to estimate the thickness of the tean@m. The film thickness was calculated
to be at most hundreds of nanometres in most cootaxitions, while in some high speed
applications (>1 m/s) thicker sheets and lumps lwarbuilt [13]. However, these optical
methods require the counter-surface to be condilemooth, so that the transfer film,
rather than the substrate’s surface can predontynarttuce the optical effects. Similarly,
measurements by Atomic Force Microscopy [14] as® grone to be influenced by the
substrate’s roughness. Therefore, in most of thesthods, the observations on the counter-
surfaces were limited to ultra-smooth glass ocailiwafer, and only pure PTFE were tested
to avoid wear on counter-surface. With the develepinof PTFE composite, more hard-
fillers or stiffening fibres have been added tor@ase the strength and wear resistance of the
composite, thus inevitably leading to wear-tracks amunter-surface. As a result, using
optical techniques for identifying and charactagsiransfer film become ineffective.

To solve the problem of identifying transfer filwgrious more advanced technologies have
been used. For example, X-ray photoelectron spemipy (XPS) was employed to
characterise the PTFE transfer formed in rollinglst [15]. The interpretation of the results
from XPS was not so straightforward though, asfilhe coverage was calculated indirectly
using a set of film-thickness-values reported ineotliterature. SEM is a more commonly
used surface analysis method, adopted by manyrobsga for characterising PTFE transfer
films [16,17]. However, in some occasions, difficess could be experienced in identifying
the PTFE transfer film precisely with SEM. For exde) in a study on the formation of the
transfer film on steel surfaces [18], it was fouhdt the film coverage revealed by SEM was
very different from the one by Time-of-flight Sectary-ion mass spectrometry (Tof-SIMS)
[18], a reliable technology for identifying thinsh as it only sputters monolayers from the
surface. This issue in SEM observation is probaalysed by the high penetration depths,
estimated to be a few micro-meters depending ordhgosition of the metallic surfaces [19]
under normally adopted accelerating voltages (1#bt&aeV). Therefore if the transfer film is
as some postulated [12] (i.e. just monolayers aofraetres thick), the information of it can
be overwhelmingly surpassed by the substrate below.

Because of the difficulty in accurately observimg tPTFE transfer film, particularly the
inefficiency in assessing its features, e.g. theda) the development in the modifying the
counter-surface using surface texturing technolwag/been hindered. As found by Singh, the
particle size and the thickness of transfer filndof lubricants should match with the surface
topographic variations to ensure its function [ZDherefore, without a reliable method to
identify the transfer film and measure its thiclexes different conditions, the surface
modifications tend to be conservative, and thusmadly constrained within altering smaller-
scale features like surface roughness [9].

The study on the tribological performance of aci#ily textured surface can date back to
Hamilton et al.’s work in 1966 [21]. In this studyicro-asperities were produced on
mechanical seals by an etching technique, and itherngions were optimised theoretically



and experimentally. After that, various surfacetiexg techniques have progressed, such as
vibro-machining [22] and vapour deposition techiig|{23]. After the Etsion’ work on laser-
textured seal surface [24], the research on |las#aee-texturing also saw a boom. Nowadays,
industrialised applications include honing on thegiees’ cylinder walls for lubricant
reservation, and micro-texturing in MEMS for pretren of adhesion and stiction.

Although the surface textures are more frequenplyliad in fluid-lubricated condition, in
which they serve as micro-bearings[25,26], C. Gaf2i5,28] reported that in dry-sliding, the
textures can also create beneficial effects likerialg stress distribution. However, it has
been noticed that, many reported benefiting testunedry-contact are applied under low
loading condition [29—-31]. This is mainly becaubatttextures in dry-contact inherently
increase the contact stress [32], thus magnifyegaidverse effects of surface texturing such
as increasing hysteresis resistance [10] and nagtting [33]. However, textures also have
the potential of boosting the formation of trandfen for some dry-lubricated contact, as the
dry lubricant film in this occasion can also berstbby the textures. As a result, the induced
overall influence on the frictional and wear penfiance of the dry-lubricated bearings would
be the result of the combination of the differeffe&s incurred (e.g. micro-abrasion and
lubricant reservation). In addition, the weighinfytbese effects and alteration of related
tribological phenomena can be dependent on texjufimensions, as analogous phenomena
have been observed in previous research on thacsurbughness. Taking the study from
Kennedy et al. [34] as an example, it was found tha variation of the wear life of
polyethylene is a result of the combined effectdrimtion and third body film thickness.
Consequently, the turning point where rougher sarfean contribute to higher wear life is
where the substantial third body film can be resdrbetween asperities to reduce the
resistance. Given this, a comprehensive surfacksagas again essential for studying the
effects of surface texturing, since analysis ondbeerage and morphology of wear debris
and transfer film is a good indication for the agtg tribological phenomenon.

To address these challenges, the present papeseman the development of a systematic
observation and characterisation method for trarigfe of dry-lubricant, and the application
of this method to explore whether the beneficiatletrimental effects would be induced by
surface texturing on the transfer film formationofMdover, special attention is given to the
measurement of the transfer film thickness, whetsion with the dimensions of the surface
textures would give an indication whether the bitimgf effect of lubricant reservation would
become prominent.

2 Test methodology

Due to their nature as solids, dry lubricants asenmonly used in applications where
requirement for load-carry-capacity is high, buegtional sliding speed is relatively low.
The spherical plain bearing used in helicoptert®ng for example, is a typical application.
In flight conditions, the pitch-control bearingseadriven by the actuators, going through
swivelling rotation constrained within 15 ° osdiitan angle (occasionally tilting within 5 ° in
main rotors) [35]. Normally, the resultant nomirwantact pressure is between 10 and 40
MPa, and the relative sliding speed ranges froni @d0.15 m/s. With these working
conditions considered, the pin-on-plate reciprogatisliding wear test is capable of
reproducing the sliding contact conditions. In &ddi, based on the application scenario, this
section also presents the techniques used to isstdbe novel characterisation method for



the transfer film and to observe the tribologidaépomena, together with the development of
a FEA model as an assistance to analyse the wedramiem. In this paper, it is aimed to use
the methodologies to evaluate the both the trinobdgperformance and the transfer film
formation under different texturing dimensions aodverages, and to understand the
phenomena behind the influence from these variaiflesxturing.

2.1 Sample preparation

The pin sample used in the wear test is the X1 PJIa&s fibre woven fabric composite

(bounded by phenolic resin), which is widely ussdtee bearing liner in modern helicopter
rotor-heads. Each sample has the same thickne280pfm and square surface area of 7
mmx7 mm.

The counter-surface is the AMS5630 440C stainle=ed,swith the hardness of 56 HRC. The
average surface roughness is aroBp0.02 pm in its original state. Ekspla AtlanticHE6%
pico-second pulsed laser (pulse duration 50 picosses, estimated peak fluence 73.98 3/cm
and wavelength of 1064 nm) is used for generategpbke texturing patterns on the counter-
surface. During laser ablation, a heat affectecezdiAZ) arises near the ablated area as a
results of heat diffusion, along with thermal effesuch as oxidation layer (occasionally with
micro-cracks). Moreover, it should be noticed tinat grain refinement and hardening due to
local quenching may boost the occurrence of mitmasion during contact. However the
influence is likely to be minor with pico-secondsds, as both the theoretical estimation
(diffusion length around 20nm judging from equatinrj36]) and the observation on similar
cases (pico-second laser on stainless steel) f@ii¢date a minimal HAZ. Even though the
laser is capable of producing complex texturingm®r such as ellipse holes and grooves
(linear or curved), these forms can induce influegdactors like aspect ratio and trench
orientation, whose impacts can be particularly i§iggmt considering the anisotropic
properties of the composite liner. However, theu®of the study is on the effects on the
transfer film phenomena from the textures’ basmetisions (depth, width/diameter and area
coverage). Therefore, uniformly distributed circutncavity is proposed to be the form
applied on the counter-surface to minimize theuiefice from directional influencing factors.
Moreover, preliminary trials with relatively largeoles (diameter > 6@m) or coverages
(merely higher than 10%) ended up with extremes$ f@ear-out and failure of liner, so the
texture pattern is further confined to dimples ébeel by single laser shots) with diameters (
= 20, 40um) and coverage percentagps< 0.4%, 1.6% and 6.4%) as showrTible 1

To study the effects of dimple depth, particulartyrelation with the transfer film’s thickness
(later revealed in Section 3.2.1), a dimple demthsderably larger than the maximum film
thickness is adopted in Type A, while a depth shwad than the maximum thickness is
proposed for dimple B and C for comparison. Meataytior Type B dimples, the diameter
is reduced to half of the original dimples creabgdthe laser, so that its comparison with
Type A and C can include effects of dimples’ diaangt Therefore, from Type A-C, the three
types of dimples constitute relatively the ‘wide dgep’ (A), ‘narrow & shallow’ (B) and
‘wide & shallow’ (C) textures. Since the Type B dile’'s diameter is half of A and C’s, the
settings of the coverage percentages can leadatathth distance for Type B dimples at a
certain coverage (e.g. 0.4%) can equalise with dhatype A or C dimples in the higher
coverage (e.g. 1.6%). Benefiting from it, in lateralysis of the influence from dimples’
spacing densities, whether it attributes to distamicarea coverage can be recognised. For a



more straightforward presentation, the three lewélseexture coverage are later referred as
‘low’ (0.4%), ‘medium’ (1.6 %) and ‘high’ (6.4 %).

Table 1. Matrix of dimensions and texturing coverpgrcentage of surface textures to test

Dimpletype Coverage p. (Percentage of dimpled
area)

A - Wide & deep 012040 60 Soum Low Medium High
(d=40pm, Dep=8pm) 2 | (0.4%) (1.6%) (6.4%)
B - Narrow & shallow  ¢0.20.29.90.59 " Low Medium High
(d=20um, Dep=2pm) 2 (0.4%) (1.6%) (6.4%)

6

.
C - Wide & shallow (%.22.%0.90.59 = Low Medium High
(d=40pm, Dep=2pm) 2 (0.4%) (1.6%) (6.4%)

6:

‘]

um

To generate the proposed different groups of textusteel surfaces the reference group of
smooth steel surfaces, the processing of the glatels follow three main stepBig. 1): laser
dimpling on the original smooth surface; first gbing step (using Struers LaboSystem
machine and a polishing cloth with 1 pm-diametétsjjto remove the inherent material re-
deposition, and final polishing to round the dimetiges.

To achieve the different coverages designated bieTh, the spacing between the adjacent
dimples need to be set before the texturing stibwiong the equation:

L - ndlz o)
4p.

whered; is the diameter of the dimples, gnds the desired coverage percent of the dimples.

What should be noticed is that should be the diameter of the dimples after thalfstep.
Therefore,d; is determined by both the original diametier(determined by the laser beam)
of the dimples by laser shots, and the reductiodiameter as the dimple gets shallower
during the first polishing step (influence from theal step is negligible). Considering this,
two calibration procedures need to be done befbee process. Firstly, the relationship
between the dimensions of the original dimples n(diter dy and depthDep) and the
parameters of the laser (poweiand dwell timet;, step 1 in Fig. 1) needs to be found. Then,
the polishing parameters (normal fofde rotating spee@ and timet,, step 2 in Fig. 1) to
achieve the polishing depth in the first polishprgcess should be determined. Therefore, the
diameterd;, as well as the dimple deptbep after the final step could be obtained by
controlling the processing variables stated above.

In this test series, the laser dimpling process e@mslucted utilising single laser shots on
evenly spaced points with the output power of 6 Md aepetition rate of 30 kHz. By
controlling the laser dwell time;), dimples with different depttDep) can be produced, €



10 milliseconds foDep = 8 um and; = 4 millisecondgor Dep = 3 um). Meanwhile, a 2D
galvanometer head with a 4-axis stage (Aerotectesyswith the positioning precision of
0.1um, was used for manoeuvring the distarice between the laser shots to achieve
different covering percentage of dimples. After timst step, dimples with fixed initial
diameterd, (related to the diameter of the laser beam, i.eud() were created. Then, with
40N normal force and 200RPM rotating speed sethenpolishing machine, the surfaces
were polished shortlyt{ =1 minute) if the desired diameter is 40 pm (Typer C), or for
longer €, =6 minutes) if a 20pm diameter is to be achievgg¢ B).

Step 1: Laser dimpling Step 2 : First polishing Step 3 : Final polishing

Normal force N
Normal force Nj‘ R . 1 Rotating speed W
) otating speed W Rotor ALIE Spec
Rotor Mirror Rotor ___ .
. - Chemi-cloth . —
Laser source  Polising pad o -
G Silicon liquid$
|- Laser beam P——
S -
e @ e T T
(ipiyiy

"vvvv‘
I

Laser dimpling First polishing Final polising

(n,P,1) (t, N, ) (briefly)
2#”3. z 2pml 7 2pm VA
3D view 3D view

I N m,, 5 3D view I N Imm

10pm /— 10pm" s X 10pm"
Al o )

1 mm 7 lmm//- - o . lmm/ - - - -

; y :
¥ /Y ¥ v ¥ Y9 v v F
Dep / d

Sectional view
nm N

(8um)  (140pm) (40pm)
Sectional view

-4000 1
0 200

-10 -10+
400 pm 0 100 200 300 um 0 200 400 um 0

Edges to be rounded

200 400 um

Original surface Dimpled surface Polished surface Final polished surface

Fig. 1. Processing scheme for manufacturing the textuddee

After the first polishing step, the dimples woulidem be left with sharp edges. In the authors’
experience, they may act as micro-cutting edgemglsliding which leads to accelerated

wear of the PTFE counterpart composite. To pretldsf the sample surfaces were polished
for around 10 seconds using MetPrep final polistulogh and 0.05 pum silica suspension, just
to round the dimples’ edges with little influencetheir dimensions.

Similarly, the un-textured steel samples, which ldobe used as the reference smooth
surfaces, were put under the same batch for thgpodishing steps, so that the same surface
roughnessR, 0.015 pm) can be obtained.

2.2 Sliding wear test

In order to simulate the oscillating sliding corttat the pitch-control bearings of the real
helicopter rotor-heads, linear reciprocating motisnproduced through the crank-slider
system in a modified BICERI universal wear test hiae Fig. 2(a)). In the tests conducted,
the rotating speed of the rotor was set at 180 RFM3 Hz reciprocating frequency), and the
reciprocating stroke length was set as 20 mm. AdHe load, a 196 N normal force was



applied using weights. With this set-up, the presselocity factor achieved (average sliding
speed 0.12 m/s, and nominal contact pressure 40 Bieasimilar to those occurring in the
bearings of the real helicopter rotor-heads.

Driving rotor Crank - Sai{

Strain gauge
Contact & measurement " frame
part (detailed view in :
subfignre b ) 8 Strain

gauges
- Slider block PTFE
composite

sample

- Steel sample
Loading end

(Weights applied)

(@) (b)

Fig. 2. Images of (a) set-up of the reciprocating slidivegr test rig and (b) detailed view of the con&acheasurement part

The measurement of the friction force has beenopadd using two full bridges of strain
gauges (Vishay L2A-06-062LW-120) bonded on theamgtlar shear framd-ig. 2(b)). As

for the wear rate, in order to achieve a continumesasurement without interruption of the
tests, a Linear Variable Differential Transforme¥DT) was implemented vertically, while
the probe is in contact with the steel sample atbbttom to measure the descending of the
lever incurred by the wear of the liner.

2.3 Nove approach for analysisof transfer film

To address the issues in observing and characigtise PTFE transfer film, and to develop a
new method aiming at reliable observation and cetmgmsive characterisation the PTFE
transfer film, varied techniques have been testedl@mesented for surface analysis in this
study.

Firstly, a Keyence VH-7000 portable microscopessdifor direct optical observations.

Then, to allow the influence from surface topogsafhbe taken into consideration, a Bruker
Contour GT-I 3D Optical interferometer is employed obtain the surface topographic
images.

As for the SEM analysis, in order to overcome tifécdlties of accurately observing the
PTFE film, we have proposed here firstly to test ithaging under different, particularly low
accelerating voltages to cover the information ®FE transfer film in different thickness.
Meanwhile another surface analysis would be useal r@gerence for ‘calibration’, to ensure
the information of the thin film has been thoroyghbvered. In this study, the ToF-SIMS
can be a reliable ‘calibration” method, as it irked elemental analysis, and has the strength
on characterising thin films. In turn, the cali@@tSEM analysis can compensate the SIMS’
drawbacks, namely it is destructive (to the top eunole-layers) and much more time-
consuming.

In this study, a FEI Quanta 650 ESEM is used taimedooth SE and BSE images, while
ToFISIMS IV (IONIIToF GmbH) instrument utilising a Bi primary ion soe was

employed to obtain different ion mappings. Corresjiog to the SEM series with different
accelerating voltages, the electrons’ trajectoaes simulated through CASINO v2.5, a



commercial Monte-Carlo simulation software, to gdie information depth in each condition,
giving estimation of the film thickness.

With the transfer film characterisation method coemensively developed, it is further
employed in the surface analysis for the dimensieffiscts of surface texturing.

2.4 Finiteeement analysisfor understanding of contact phenomena

To help explaining the possible effects inducedragying dimensions (e.g. diameter, depth)
of surface texturing, a Finite Element (FE) modeswleveloped in Abaqus/CAE 2016 to
enable the correlation of the phenomena occurrimgng the tribological tests with the

theory of contact mechanics. Special attention giasn to the effects like micro-cutting and
plastic-deformation caused by stress concentratiod,the difference drawn from variation
in dimple dimensions (e.g. diameter and depth).

Surface
contact
interaction ™|

Step: sliding
ln;’;ment 0: Step Time = 0.0

(@) (b) (c)

Fig. 3. Demonstration of (a) geometric models, loadingditions and boundary conditions (b) interactionpliegl; (c)
transition of the grid size (magnified view)

To simulate the frictional contact between the aohpair, the composite (in orange) and the
steel counterparts (in grey) have been connectédtdangurface contact interactidad. 3(b)),
while the frictional properties (i.e. coefficient fiction (CoF)) is acquired from the wear
tests conducted. In addition, to improve the compomal efficiency, considering the
symmetrical arrangement of the model’s geometrythadiniform normal load applied, only
a small section of the two contact parts was bwith symmetrical boundary condition
applied on the composite’s sectional surface. Bin&d ensure an economical yet accurate
computation, fine grids (1um) were meshed near the interface (bottom of the
composite),which is the area of key importance tfer the contact problem, while grids
gradually transitting coarser (16n on the very top) were meshed for upper zokes 38(c)).

The loading and the sliding velocity were was setampletely mimic the test conditions
stated in section 2.2, and the definition of medaarproperties of the composite combines
its tensile test data with the approach in [38].

3 Test resultsand analysis

3.1 Friction and wear measur ements

Firstly, a brief benchmarking test series is conedic with the purpose of extracting the
influence of reduced contact area caused by texguBince the nominal contact area will be
reduced by correspondingly 0.4%, 1.6% and 6.4% \thin three coverages of dimples



applied, the nominal contact pressure will be iasesl to 40.16 MPa, 40.65 MPa and 42.74
MPa (40 MPa for smooth/non-textured surface). Tioeee it is expected to experience a rise
in wear rate and drop in CoF, which is a renowreature of PTFE [5]. However, these
influence on frictional and wear performance witkine resultant pressure range need to be
investigated, so that they can be separated framexkiure’'s effects on other aspects (e.qg.
transfer film formation) in later analysis. To filithis, a series of tests with contact pressure
slightly elevated from the designated test load N4®a) were conducted. For each contact
pressure, 3 repeats were performed. Even though dewations exist between repeats, the
3 conditions are still distinguishable and onlyearesentative repeat is presentedriiq 4.
Consequently, as can be seerfrig. 4(a), with the contact pressure increasing from 48aM
to 42 MPa and then 44 MPa, the CoF keeps droppamy 0.062 to around 0.058. Meanwhile
for the wear resistance, the wear rates only iseredightly, which can be seen frdag.
4(b). Even though correspondingly the wear life dases gradually from 33 hours to 31.5
hours, the drops between each interval are simildhout a sudden fall. From this bench-
marking, it can be seen that the influence that bel caused by altered nominal contact
pressure within this range is not dramatic.
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Fig. 4. Comparison of (a) coefficient of friction (CoF)daitb) wear progression of the PTFE composite gdichigainst
smooth (i.e. non-textured) steel surfaces in difienominal contact pressures

The influence of textures with different dimensiarsl densities were then tested while the
smooth surface (40 MPa) is used as reference. dio beth, Type A (wide & deep) dimples
incur no benefit on frictional performance at amy@rage, as shown kig. 5(a), but almost
doubled the steady-state CoF with the highest eme(6.4%). As for the wear performance,
it is indicated inFig. 5(b) that with all but the lowest coverage (0.4%)uwdoa remarkably
worse wear performance (higher steady-state weararad a shorter wear life) be resulted.
However, as has been tested initialig, 4), theoretically under the elevated nominal
contact pressures that the texturing coverageslezh to, the CoF should still decrease
compared with the smooth surface, and the wearopedance should only deteriorate
marginally. Therefore, the inferior performance tbie texturing patterns can only be
explained by the existence of another effect, witiah increase the friction and jeopardises
the wear performance further.
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Fig. 5. Measurement of (a) friction coefficient and (b@ar progression for different coverages of Typendé & deep)
dimples

In contrary, with the Type B dimples (narrow & dbal), improvements have been observed
in both frictional and wear performance comparethwhe smooth surface, particularly with
the medium coverage (1.6%). For example, as shawingi 6(a), the steady-stage frictional
coefficient can be reduced by around 7% (0.005) Wwdth the medium and high coverage. In
terms of wear performance, both the low and mediowerages prolong the wear life by
around 14% (5 hours), while only the medium coveralgo outperforms the smooth surface
substantially in terms of the wear rate at thedstestage. Therefore, it can be seen that Type
B dimples (narrow & shallow) in medium coverage6@h) generates the most outstanding
improvements in both frictional and wear performandore importantly, the drop in CoF is
more prominent than solely from the impact of ims®d contact pressure (curves of 42 MPa
and 44 MPa irFig. 4(a)), and the adverse influence on wear perform&mee of increased
contact pressure (iRig. 4(b)) has been reversed. Considering this, the @alefexturing
pattern must induce another effect other than gisiontact pressure that contributes to the
extra drop of CoF and wear rate.
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Fig. 6. Measurement of (a) friction coefficient and (b)awverogression for different coverages of Type Brima &

shallow) dimples

Finally, with the Type C dimples (wide & shallowjpth the low (0.4%) and high (6.4%)
coverages exhibit no improvement on frictional parfance, but incur a small degree of
detriment to the wear rate and wear life, as detnatesl in Fig. 7(a) and (b). Similar with the
Type B dimples (narrow & shallow), with medium coage (1.6%) the Type C dimples
(wide & shallow) can improve the wear performandtinvthe smooth surface as the reference,
even though in comparison the improvement is masegmal- the steady-stage wear rate is
around 6% lower than the smooth surface and the keas 5% longer.
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Fig. 7. Measurement of (a) friction coefficient and (b)av@rogression for different coverages of Type QGlén& shallow)

dimples



The frictional and wear performance are summarisdgéig. 8, from three repeats for each
tested conditions. As can be seen, the Type A dimflvide & deep) always bring
detrimental, if not no influence on the frictiorsadd wear performance. However, for Type B
dimples (narrow & shallow) or Type C dimples (wi@eshallow), there is an outstanding
trend that both frictional and wear performancerone when the coverage increases from
the low to the medium, but then worsened whengifimther to the high. It is only with this
‘optimal’ medium coverage (1.6%) of Type B dimplggrrow & shallow), considerable
improvements in frictional coefficient, wear ratedavear life can be observed.

The comments related t6ig. 5- Fig. 8 reveal the observational influences from surface
texturing on the tribological performance. Nevelgss, the governing physical phenomena
inducing these different performance are the keygeaerate general principles analysing
contact between dry-lubricating composite and textucounter-surfaces, and would be
explored in the following sections.
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Fig. 8. Summary of (a) Steady state frictional coefficgrib) Steady state wear rates, (c) Onset timesafigut stage and
(d) Wear life for surfaces with different texturengnsions and coverages

3.2 Surfaceanalysisresults

A thorough analysis on the counter-surface andrdnesfer film formation can give a good

indication of the wear behaviour, assisting idecaiion of the causes of the influence
(beneficial or detrimental) found in the sectionl{3above. To perform this, a novel analysis



approach of the transfer film is firstly developadd then applied on the tested counter-
surfaces.

3.21 Transfer film characterisation: Benchmark on smooth counter-surface

In this section, an in-depth surface analysis tenidy and characterise transfer film is
presented with an emphasis on the new characiens&chnique (SEM analysis with

varying accelerating voltages and SIMS calibrationhich has been introduced in the
methodology section. The surface analysis preseimtetiis section was performed on a
smooth counter-surface that has been half-way givaufull wear test, to ensure a substantial
formation of PTFE transfer film.

Common practice for examining PTFE transfer filmghvoptical microscopic image (Fig. 9
(@)) is to distinguish the PTFE simply by darknefbe areas darker than a subjective
‘threshold’ value is marked as black and identifeesdPTFE transfer film when the image is
converted into binary, as shown in Fig. 9(b). Frthra binary image, it can be seen that a
large proportion of the dark area are long, thipstalong the sliding direction. However,
from the surface topographic image Fig. 9 (c),ah @lso be seen that along the sliding
direction, many scratches were also created orcolmater-surface, which in practice can
create the ‘dark’ optical effects as well. Consenttlye the optical imaging would lead to
exaggerated estimation of the film coverage. Mealewthe surface topographic image (Fig.
9(c)) is unable to reveal the transfer film acceisaneither, since the topographic change is
no longer just the result of transfer film, but ¢é@embination with surface wear, which in this
case can be a few micrometres in depth. Overalntathods using optical effects to identify
the transfer film can be unreliable due to the gmes of the wear on the counter-surface.

As proposed in the methodology section 2.3, BSEgingain SEM analysis is a promising
candidate to eliminate the uncertainties in optmathods, given that it can be validated by a
reliable calibration method. To reveal its cap&pilo detect thin film (sub-micron level), we
test the BSE imaging of the transfer film on steaiface using low accelerating voltages
(under 10 keV). As displayed in Fig. 10(a) and &me distinctive dark areas appear,
corresponding to composition with smaller atomigghiein BSE images. As the accelerating
voltages used for the two images are differentkd\d and 5 keV), the dark areas also differ,
indicating that the layers of this low-weight ma&éerare of different thickness. In all the
elemental composition of the contact samples, dpam fluorine in PTFE, elements from
glass fibres (Si, O) and phenolic resin (C, H, @) @l lighter elements compared with iron
(Fe), the dominant element of the steel. Moreowenidation of iron manifests as a film on
the surface, its overall atomic weight is also ader@bly smaller than iron itself. Therefore,
to use the SIMS analysis to identify the compositibthe dark areas becomes essential.

To clarify the identity of the dark areas, the magp of the ions containing fluorine and
other possible elements are generated for caldsraising SIMS. Firstly, it can be seen that
the areas with high concentration ofFg+ ions (bright spots ifFig. 10(c)) resemble well
with the dark areas in BSE image, particularly iarked details I-1V inFig. 10(b). Other
fluorine-ions such asdEqs+ and F-, although not shown here, have a verylaimattern. As
for the mapping of other ions, such as Si+ and K&83: 11 (d) and (e)), the difference with
the BSE images is significant. To conclude, the B@&ges’ resemblance with exclusively
the Fluorine ions’ mapping confirms that the darkas in the BSE images represent the
transfer of PTFE. Moreover, we would like to ndtattthis technique should not be restricted



to only PTFE transfer film, and can work for iddicition of other thin transfer film with
featuring elements (e.g Mo4+ in M0S2).

In comparison, some of the PTFE coverages detdoye&IMS image of g+ can be
missing in the optical microscopic image and itsaly version. For instance, areas |, V and
IV in Fig. 11 (b) are ‘flooded’ in the surface scratches andsegnently the coverages are not
sufficiently presented iRig. 10(a).

@) (b) (©)

Fig. 9. Observation of the sooth (non-textured) steel tasurface using (a) optical microscopic image,kiinary image
converted from microscopic image, and (c) surfapegraphic image.
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Fig. 10. Observation of smooth (non-textured) counter-sdriasing (a) BSE image (accelerating voltage = 10k@y BSE
image (accelerating voltage = 5keV), (c) SIMS imagfeC,F,+(counts normalized), (d) SIMS image of Si+(counts
normalized), (e) SIMS image of Fe3+ (counts norpel).

With SEM investigation conducted on another logatim the smooth surface, the acquired
imagesFig. 11. (a)- (d) give a good example how the revealeceraye of PTFE transfer
film changes with accelerating voltages. Compalfing 11(a) and (b), it can be seen that
from 20 keV to 10 keV, the PTFE transfer film relsghby BSE image does not change
significantly, with a long-strip-morphology alonghet sliding direction as the main
morphology. However, when the accelerating voltdgereases to 5 keV, the detected film



coverage increases dramatically, almost occupyiegwthole tested steel area, as shown in
Fig. 11(c). This means that there is a step-change itraéimsfer film’s thickness, from around

1 micrometre or above (maximum 2~3 pm estimatean frabservations under higher
voltages), to only tens of nanometres consideivegsimulated distributions of the electrons’
penetration depthH{g. 11(e) to (g)). There is, however, not much transiien £xisting in-
between these thicknesses. Finally, when the aeatiglg voltages dropped to 1 keV, the
entire tested area appears dark, but the contmasiot be built effectively for distinguishing
the un-affected area. In this case, even thougs [ossible that the transfer film can be
present in the form of a few nanometres thick &sd,|the identification is beyond the SEM’s
capability. The 5 keV therefore can be regardedrasoptimal’ accelerating voltage for

analysing the tested surface in this study as veis most of the PTFE transfer film with
sufficient contrast.

B
b . i X 3 g
FREEIEH S B ==
20.00kV| 4.0 CBS | 43X 10.00 kv X um 1.00kv | 40 CBS | 43X 500um
@) (b) (© (d)

17.6E-4 ‘ Z Max Backscattered 13.7E-4

\ | ol

l

Z Max Backscattered 17.7E-4 Z Max Backscattered 15.4E-4 Z Max Backscattered

10.9E-4 14.2E-4 12.3E-4

ized)

8.2E-4‘ 10.6E-4]

71E-4

Hits (Normalized)
Hits (Normal
Hits (Normalized)
w o ©o
o N oW
m m m
A LS

6.5
2.7TE-4 3.5E-4 *
1.7E+2 69
0 i . . . . . 0 . . . . . . 0
3.3E+2 6.5E+2 9.8E+2 0 3.3E+2 6.5E+2 9.8E+2 0 3.3E+2 6.5E+2 9.8E+2 0 3.3E+2 6.5E+2 9.8E+2
Depth(nm) Depth(nm) Depth(nm) Depth(nm)
(e) () @ (h)

Fig. 11. BSE images of smooth (non-textured) steel countdase using accelerating voltage (a) 20KeV, (b) é0K(c)

5KeV, and (d) 1KeV; the Depth Distribution Functigraph of the BSE images using accelerating voltay@0KeV, (b)
10KeV, (c) 5KeV, and (d) 1KeV

With the above two series of analysis on the PTFsfer film, our new method of
characterising transfer film reveals two distinetiftorms of PTFE transfer film on the
counter-surface: one at one to two micro-meteres;ather in tens of nanometres and below.
Because of the importance of matching the topogcagriations of the counter-surface with
the dimensions of the transfer film, this findingems up a new prospect: improving transfer
film formation by using micrometre-degree surfaegtires, while research on improving

surface roughness (nanometre degree in engineaumi@ces) has reached its ceiling
nowadays.

3.2.2 Transfer film analysis: Towards under standing of textured counter-surfaces

Taking advantage of the new method to charactéreséransfer film, SEM analysis using the
optimised voltage (5 keV) has been used to evaluwatesfer film’s formation, including its

coverage, thickness and morphology, aspects whelteongly linked with the performance
of dry-lubrication.



First of all, for all the tested surfaces with Tyidwide & deep) dimples, the SEM analysis
reveals that they pose a negative influence otréimsfer film’s coverage as presentedrig.
12(a). Taking the one with medium coverage (1.6%amsexample, from the run-in to the
steady stage, the dimples always create blanksgtaiga 1 and area 2 king. 12) among the
film-covered area, exposing the metallic surfad@sDbstruction on transfer film formation
appears along the sliding direction and is comnmoalli different dimple coverages. Such an
observation is in line with that Type A (wide & ggedimples in all coverages generates
negative influence on the wear performance asdcstatthe last sectiorF{g. 5).

5.00kv | 4.0 CBS 98X

500V 40 CBS | 98X | Go0um —— Gooum |
(@)

Fig. 12. BSE images of the textured counter-surface withiamaoverage (1.6%) of Type A (wide & deep) dimpiega)
run-in stage and (b) steady wear stage.

With a higher magnification on the dimples 1, 2 &wharked inFig. 12, it can be seen that
the transferred PTFE was firstly obtained on thaplé’s edges, as shown kig. 13(e)-(Q).

The transferred debris’ morphology, which is moistidguishable in SE imageBif). 13), is

one of rough, irregular-shaped smears- a typiadication of abrasion wear. In the steady
wear stage, in most dimples the contained debssskamingly filled them, as the marked
dimple 4 shown irrig. 13(d) and (h). Nevertheless, in the end it couldfooh an integrated
transfer layer outside the dimple, thus still le@vthe blank strips. Moreover, small amounts
of un-filled dimples still have been found, witteatly scratched debris on the edges, such as
the dimple 5 marked iRig. 12.
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Fig. 13. (a)- (d) SE images of Type A (wide & deep) dimpiesn run-in to steady stage (area 1-4 marked in E2), (e)-(h)
BSE images of Type A (wide & deep) dimples from fare steady stage (area 1-4 marked in Fig. 12).

In comparison, with the same medium coverage (1.6B@ Type B (narrow & shallow)
dimples can increase the film-covered area as ¢hegte dark strips like shown in the boxed
areas 1-4 inFig. 14. Besides, the reserved debris are no longer rauggular particles
peeled by the edges, but smooth flakes containeithetottom of the dimples initially, as
shown inFig. 15 (a) and (b). This morphology feature is eithenfrthe adhesion wear of the
PTFE dragged from outside the dimples, or from melation of the composite asperities
intruding into the dimple. In later stage, the rgsd debris accumulate and form a transfer
sheet layer. Different from the one in the widegml@imples, the accumulated debris can
actually fill out the dimple and integrate with ttransfer film formed outside the textured
area in the later stage, as shdwg. 15 (c) and (d).

These observations prove that the dimples can actrg-lubricants’ reservoir. More
importantly, the reserved debris of dry-lubricaat aeplenish the non-textured part of the
steel surface, benefiting both the coverage anthibkness of the dry-lubricant transfer film.
This phenomenon should be able to reduce the dieuiact between the metallic surface
with the composite liner surface, reducing both fiition and wear. Such an effect should
be the key reason for the superior performancehefriarrow & shallow dimples under
certain coverages.
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Fig. 14. BSE images of the steel counter-surface textureéd miedium coverage (1.6%) of Type B (narrow & shajlo
dimples in (a) run-in stage and (b) steady weayesta
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Fig. 15. (a)- (d) SE images of Type B (narrow & shallow) gles from run-in to steady stage (area 1-4 markdeig. 14);
(e)-(h) BSE images of Type B (narrow & shallow) diegpfrom run-in to steady stage (area 1-4 markétgnl14).

Similarly, when the dimples are shallow yet wid€yge C) these enhanced transfer strips
can also be incurred as shown in the area 1d24ain Fig. 16(a) and (b). However, the
appearance is less common than with Type B (na&hallow) dimples. From the images
focusing on single dimples (Fig. 17(a) and (b)yydts found that the Type C (wide & shallow)
dimples resemble the Type A (wide & deep) dimplesrd) the initiation of the wear process
as the debris is again firstly collected on themgles’ edges. However, because it has a lower
depth, which is within the range which transferelagan form naturally on a smooth surface,
the accumulated debris can build up a transfertsteeeering the dimple’s depth as shown in
Fig. 17(c) and (d) in the steady stage. Similahwite Type B (narrow & shallow) dimples,
the reserved debris in these micro-holes can also & layer integrated with the transfer film
formed outside the dimple. Meanwhile, the obstarciof the transfer film, which is similar
with the ones with Type A (wide & deep) dimples @so occur, such as the area 2 marked
in Fig. 16(b). Since both the film-thickening effeed abrasion effect are significant under
these conditions, they may offset each other, hisdnbay explain why it does not create the
advantages like narrow & shallow dimples, but woodd lead to apparent disadvantage like
wide & deep dimples.
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Fig. 16. BSE images of the steel counter-surface texturdd miedium coverage (1.6%) of Type C (wide & sha)low
dimples in (a) run-in stage and (b) steady weayesta
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Fig. 17. (a)- (d) SE images of Type B (narrow & shallow) gigs from run-in to steady stage (area 1-4 markdeig. 16);
(e)-(h) BSE images of Type B (harrow & shallow) diegpfrom run-in to steady stage (area 1-4 markédgnl6).

Both of the effects summarised above are also digperon the coverage of the dimples. For
instance, with the low coverage (0.4%) of Type Brfow & shallow) dimples, the strips of
transfer film formed by dimples along sliding ditiea occur less occasionally. The only strip
(area 1) observed iRig. 18 is also dis-continuous, indicating that the adjhaimples are
arranged too far apart (280 um for low (0.4%) cage) for the retained PTFE in the
reservoirs (dimples) to travel and cover the witbtance. Moreover, with the low coverage
(0.4%) of wide & shallow dimples, such a strip aBhmever appear~{g. 18(b)). This
difference should be explained by the even longstadce (560 pum) between adjacent
dimples for Type C (wide & shallow) under the satogerage in comparison with the Type
B (narrow & shallow).

HV  |spot| det HV [spot det magga
5.00kV | 40 CBS | 113X m 5.00kV | 40 CBS | 102X

Fig. 18. BSE images of the steel counter-surface texturdid kv coverage (0.4%) of (a) Type B (narrow & stwai and
(b) Type C (wide & shallow) dimples in steady weimge.

When the coverage is set as high (6.4%), however, abrasion effect becomes more
dominating for both Type B (narrow & shallow) angpg C (wide & shallow) dimples, like



shown inFig. 19(a) and (b). As a result, the overall influencet@msfer film is similar with
the Type A (wide & deep) dimples. Therefore, it daa seen that both the coverage and
dimensions of the dimples need to be on the lovige $0 avoid this abrasion effect.
Moreover, this phenomenon is likely to be relatethva more prominent increase in contact
stress with higher coverage or larger size of t@xdu To give a more detailed analysis of the
relationship between the dimple dimensions andédfiexct, a finite element (FE) analysis is
performed in the next section.

HV spot  det (mag[H HV spot det |mag _
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Fig. 19. BSE images of the steel counter-surface texturdld high coverage (6.4%) of (a) Type B (narrow & &ha) and
(b) Type C (wide & shallow) dimples in steady we@ge.

To summarize, as shown in Table 2, only with lowt¥) and medium coverage (1.6%) of
Type B (narrow & shallow) dimples will the benefiom texturing on the transfer film
formation reach the high level, while the detrinsdrdbrasion effect maintains at a lower
degree. Given that the observed phenomenon (wéaisdend transfer film’s formation) is in
line with the wear and frictional performance shawihe section 3.1, it can be deducted that
both the benefiting effect on transfer film and #iasion effect need to be considered when
the surface texturing’s coverage and dimensionsoabe designed.

Table 2. Summary of dimple’s effects in differeimhdnsions and densities

TypeA (Wide & deep) TypeB (Narrow & shallow)  TypeC (Wide & shallow)
Low Medium High Low Medium High Low Medium High
(0.4%) (1.6%)  (6.4%) (6.4%)  (0.4%)
Improving + + +
film
formation 2
Abrasion ?
2“+" means very low and “+++" means very signifi¢affect

3.3 FE analysisto support the explanations of the influence of textured

counter -surface
The FE analysis is done to study the stress sbifaime composite sliding against the dimpled
surfaces, covering all tested dimple dimensionscawérages to relate the observed abrasion
effects with the theoretical analysis.

The first finding of the FE analysis is the stresscentration occurring in adjacent with the
edges of the dimples (e.g. see circled zones inZy As shown irFig. 20(a), even with

Type B (narrow & shallow) dimples, the maximum sfrecan reach 92.55 MPa in static
condition (without sliding simulated), while witihé smooth counter-surface, this value is



only 60 MPa. Succeeding with the steady staterthgimum stress can increase to 96.52
MPa at the start-up of the sliding, then stabiis®8.42 MPa, as presentedHiy. 20(b) and
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Fig. 20. Stress distribution in PTFE composite sliding agateel surface with medium coverage (1.6%) of Tgd@arrow
& shallow) dimples at (a) start of the sliding ¥t step of sliding (c) steady state of sliding.

Furthermore, the higher the dimple coverage thesrsevere the stress concentration is at the
edges of the micro-cavities. As the example presem Fig. 21(a) to (c), the maximum
contact stress at the stabilised stage is correlpgly 3.93 and 5.87 MPa higher in medium
and high coverage than low coverage.
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Fig. 21. Steady-state stress distribution in PTFE compgdiing again steel surface with narrow & shalldimples in (a)
low coverage (0.4%), (b) medium coverage (1.6%) @rhigh coverage (6.4%)

Moreover, dimple dimensions also play a cruciaérdls shown irFig. 22, at low coverage,

the maximum stress with (Type A) wide & deep dinspnd (Type C) wide & shallow
dimples can reach 133.1 MPa and 111.1 MPa, draatigtitigher than the (Type B) narrow
& shallow dimples.
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Fig. 22. Steady-state stress distribution in PTFE compagiting again steel surface with medium coverdgé%) of (a)
Type A (wide & deep) dimples, (b) Type B (narrow Badlow) dimples and (c) Type C (wide & shallow) dilep

From the summarising grapRi{. 23), both the maximum contact stress.() and percent of
plastically deformed elementg,{o) rise with the increase of coverage. Moreoverhbot
parameters for Type A (wide & deep) and Type C énédshallow) dimples are close, but
significantly higher than Type B (narrow & shallodimples in each coverage. Essentially,
larger diameter and higher coverage would leadjtpavated stress concentration and plastic
deformations, while the depth of the dimples playsegligible role. Relating this finding
with the observed abrasion effects in differente@lsions (shown in Table 2), it can be seen
that the maximum stress and plastic strain giveadgndication for level of abrasion effects
(the second row of Table 2). If the diameter angecage of the dimples are designed to be in
a lower range low enough, minimal proportion (un@é in this instance) of the softer
composite surface would experience high stressecgration (i.e. above the yield strength
100 MPa in this example), and the abrasion effemilavefficiently be maintained mild. On
the contrary, if the textures are designed soalsatbstantial volume (over 5% in this case) of
the composite part would deform plastically, sigraiht abrasion effect would occur. Overall,
this FE analysis provides the rationale why theetisions (particularly the diameter) and
coverage of the dimples should be constrainedem#rrow range found to avoid significant
abrasion effect.
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Fig. 23. (a) Maximum contact stress and (b) percentageudéce elements under plastic deformation on theposite
surface sliding against steel surface textured diifierent types of dimples in different coveragesteady state



4 Conclusion

This paper reports on the understanding of thestearfilm formation of dry lubricant with
the presence of hard reinforcing fibres. With thetamed knowledge, the phenomena
governing the composite’s frictional and wear perfance sliding against textured counter-
surface have been discovered, relating with therdiht wear mechanisms experienced with
dimples in varied coverages and dimensions.

Through analysing the transfer film by layers w8EM in different accelerating voltages
(with Tof-SIMS as an assisting technique), transfém’s dimensional properties is
established- two forms of transfer film coexisttbe steel surface: the ultra-thin film (nano-
meter degree) and the thicker transfer layer (raceter degree).

Through wear tests, it was found the surface texgumay benefit the formation of the
thicker form of transfer film, and the key is tonstrain the dimple depthdép) within the
magnitude of the film thickness (2~3 pum). Moreow&ere is a very narrow window of the
dimples’ diameters and densities<?20 um,p.<1.6%) for the effect to be achieved without
incurring significant micro-abrasion, since sevesgess concentration (exceeding the
composite’s yield strength as revealed by FE) @auionear the dimple edges.

Although the obtained results may have their litiotaon this particular tribo-pair material,
the strategy of transfer film characterisation #mel observed effects with textured counter-
surface can be applicable in similar dry-slidingteat.
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Highlights:

Addressed the issue with characterising PTFE teanfm on the
counter-surface with wear tracks for the first time

Developed a novel approach for characterising Pr&isfer film using
SEM incorporated with Time-of-Flight Secondary loMass
Spectrometry (Tof-SIMS) analysis

Observed transfer film reservation and micro-alm@asin the counter-
surface with varied dimensions and coverages ofasear textures
(dimples)

Correlated the surface textures’ influence on thEé-E° composites’
tribological performance with the observed phenaanen
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