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Abstract

The rapid adoption of the advantageous PEEK/steilng in many tribological applications has prosagbtintense
research to optimize its lubrication. Thus, thesrof organic friction modifiers (OFMs) in improvirtge lubrication of
PEEK-steel contacts has been studied and theiranésrh explained. Their effect on friction and wdapends on the
type of contact motion (i.e. sliding or slidingdinf) and the steel surface roughness. N-oleoytasine had a
significant effect on tribological properties dweits ability to absorb strongly on both materiafgibit the formation

of PEEK transfer films on steel and thus exertegith positive or negative effect depending on éiséconditions.
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1. Introduction

Polymers and polymer-based composites are becomieferred materials in many tribological applicato
Compared with metals, polymer materials have adged such as lightweight, reduced noise and dedichting
properties which make their use in automotive, soe, medical, industrial applications highly cdse [1-5]. On
the other hand, the mechanical strength and thestahllity of polymers are lower than those of netand therefore
they tend to suffer from failures such as wearalaoelting and pitting when used under severe c¢mmdi [6-9].
Among the many types of polymers, Poly-Ether-Etketene (PEEK) has superior mechanical propertieshagher
thermal stability than other conventional polymetsch make it suitable for tribological applicat®operating under
severe conditions. [1-3,10,11]. Due to its selfricdting properties in practice PEEK is commonledisvith steel
counterparts in dry conditions, and numerous stubl@ve investigated the friction and wear properiePEEK-steel
contacts in dry conditions [12—-19]. While there éddeen many attempts to improve the tribologicafgqomance of
PEEK from the material side, as in the case of PEBKposites with specific fillers [20-26], fluiddtication has the
potential to further reduce friction and wear ofBKE[27—-34]. However, the reports on the tribologigarformance of
PEEK in lubricated conditions are scant and thesctffand working mechanism of lubrication were nollyf
investigated, especially for the case with lubricaaditives.

Lubricant additives are commonly added to basénaimall proportions to improve the lubricity anfié$pan [35—
37]. While there are various types of lubricantitides depending on their use, organic friction iifieds (OFMs) are
historically some of the most essential lubricadtitves [38,39]. OFMs are surfactant-like molesulgenerally
consisting of long hydrocarbon chains (usually mitr@n 10 carbon atoms) with polar groups (e.g.hatoamine,
amide and carboxylic acid groups) at their end® &fiect of OFMs have been extensively investigatesteel-steel
contacts [40—44], and the working mechanism progoesas that OFMs adsorb or chemically react on thlarpsteel
surfaces to form dense monolayers or thick reacigzbus layers, thus preventing direct contact betwtwo sliding
surfaces and mitigating friction and wear. As PE&iGtains the polar ketone group in the monomeicsira, OFMs
might absorb on the polar PEEK surfaces and impfoxteer their tribological performances. Nevertsd, there has
been little work reported about the effect of OFdslubrication of PEEK.

When trying to elucidate the effect and working heeism of OFMs, there are two important factorgdasider
which are reported to influence the tribologicabgerties of PEEK-steel contacts under lubricatiohanges in
hardness of PEEK surfaces and formation of PEEKsfea films on steel counterparts. Yamamoto anca$hina [45]
showed that water lubrication of a PEEK-steel conitacreased the wear of PEEK dramatically compavigid the dry
condition. Because the hardness of the PEEK slidinface decreased in water lubrication, whilertlege immersion
in water did not lead to any changes, the authostutated that the high wear of PEEK was causethd®oftening of
the rubbing surface during water lubrication. Sangoftening of PEEK in water lubricated conditiovas reported by
Yamaguchi and Hokkirigawa [46]. Briscoe et al. [4Fowed that chemicals such as decanoic acid amecglbamine
(whose hydrocarbon chains are too short to worlO&#1s) added to dodecane produced the softeningE®KP
surfaces, causing a premature form of scuffingifaiin the PEEK-steel contact.

Another key factor is the PEEK transfer films oeedtcounterparts which act as protective layersdawgp the direct
contacts of PEEK surfaces with the hard asperitiegeel counterparts [14,18,48]. Kurdi et al. [4&ported that water
lubrication of a PEEK-steel contact reduced frictibut dramatically increased the wear of PEEK camag with dry



conditions. As a PEEK transfer film on the steelirterpart was not observed in water lubricated itmms$, the
authors concluded that water lubrication inhibiits formation of stable transfer films on steel deyparts. Tatsumi et
al. [31] showed that lubrication with a palyelefin (PAO) base oil suppressed not only the fation but also the
removal of PEEK transfer films in the PEEK-steehi@wt, therefore causing either a positive or riegadffect on wear
of PEEK depending on the tribological test conditio

The current study aimed to investigate the effdcOBMs on the lubrication of PEEK-steel contactsd ahus
elucidate their working mechanism, essential tomidating optimal lubricants and developing ideaBiyited
PEEK-based systems for tribological applicationsistwas achieved by focusing on two important fexctofluencing
tribological properties, the hardness of PEEK sig$aand the PEEK transfer films on steel countéspafter
tribological testing. The friction and wear propestof PEEK with steel counterparts were studiedeurubrication
with OFMs added to a PAO base oil in sliding andisyj-rolling contacts as encountered in tribol@diapplications

such as bushings, seals, gears and bearings, ubei@ted PEEK-steel contacts are envisaged.

2. Experimental M ethods

2.1. Materials

PEEK specimens for tribological tests were prepazglates and balls. PEEK plates were injectiofdetbfrom
commercially available PEEK (Solvay® KT-820 NT). PE balls (Ketron® 1000) were purchased and dritdit the
test rig. The Ra surface roughness of PEEK speamess approximately 0.03m for plates and 0.um for balls,
respectively. They were used without polishingeSballs and discs (AISI 52100) were obtained @S Instruments
Ltd. These steel specimens were with smooth swsfatdRa = 0.01-0.0im. For tribological measurements under
more severe conditions, rough steel balls weregeghfrom smooth balls by shot blasting to the &aghness of
approximately 0.5 um. New plates and balls wered Use each test and cleaned with a hydrocarbon-soixent
(FASTCLEAN 201, CRC Industries UK Ltd) and isoprapéprior to the test.

Three types of OFMs, oleylamine (OFM-A), oleic adi@®FM-B) and N-oleoyl sarcosine (OFM-C), were
investigated in this study. The chemical structuwéshese OFMs are shown Kig. 1. They have similar types of
hydrocarbon moieties, but different polar group&M3 in this study were technical-grade, and coethia small
amount of different hydrocarbon structures as irtigs: However, the compositions of hydrocarbonctires were
similar in the three OFMs, hence the main companehthe effect of the OFMs were their polar groups

Test oil formulations are listed ifable 1. The OFMs were added at 0.01 to 1.0 wt.%. to a P&6e oil with a
density of 0.819 g/cfrand viscosity of 17.5 ¢St at 40 °C and 3.9 c3108 °C (~31 cSt at 25 °C).

2.2. Tribological tests
Tribological tests were carried out at ambient terajure (approximately 25 °C) using a Mini Tractidachine
(MTM) from PCS Instruments Ltd. in three configuoais, PEEK-steel, PEEK-PEEK and steel-steel, as/sho Fig.
2. This study mainly focused on the PEEK-steel ccntiging a pair of a steel ball and a PEEK platewivas placed
on top of a bespoke MTM disc and secured in plaitie tive nut. In the PEEK-PEEK and steel-steel atistea PEEK

ball and plate and a steel ball and plate respalgtivere used. Tribological tests were performedenriwo different



types of contact motion: sliding and sliding-rofinn the sliding condition, the ball was kept ista&ry and only the
disc was rotated. In the sliding-rolling conditiaie ball and disc were driven independently toatrea mixed
sliding-rolling contact with the slide-roll ratiGRR) of 50%. SRR is defined as the ratio of théirslj speed (u- w,)

to the entrainment speed {(t1w,)/2), where wand y are the speeds of the disc and the ball with @spethe contact.
In the sliding condition SRR is calculated as 200%e entrainment speed was gradually increasea dpnb/s and
was maintained for 60 seconds at each speed. ®ov d8r run-in, this speed cycle was repeated thieres
consecutively as shown iRig. 3. The friction coefficients for the Stribeck curvegre averaged over the last 20
seconds at each entrainment speed during theygle. The applied loads were 50 N for the PEEeistand
PEEK-PEEK contacts, and 5 N for the steel-steetamirio make the Hertzian contact pressure asaginmlvalue as
possible for all the material combinations. The mman Hertzian contact pressure, (B was calculated as 0.16 GPa
in PEEK-steel, 0.10 GPa in PEEK-PEEK and 0.68 GPsteel-steel, respectively, using an elastic meloif 3.83
GPa and a Poisson’s ratio of 0.33 for PEEK (adaptmd a supplier’s catalogue). The wear profiledP&EK plates
were measured with a stylus profilometer (SURFCCQDX2, Tokyo Seimitsu Co., Ltd.).

2.3. Surface Analyses (Nanoindentation, EPMA, Rgman

After-test specimens from PEEK-steel contacts warged with a hydrocarbon solvent and dried befardace
analysis. Nanoindentation measurements were performed witiNand’ nanoindenter (NANOMECHANICS, Inc.)
equipped with a Berkovich tip. To evaluate the hass of PEEK as a function of indentation depth, dbntinuous
stiffness measurement (CSM) technique [50-52] wagl@yed by applying a small, sinusoidally varyingnal on top
of a DC signal driving the indenter. The hardnéssagh indentation depth was determined by anaiyttia response of
amplitude and phase. The frequency and displaceamaptitude values were 110 Hz and 1 nm, respegtitkider a
load range of 50 mN, a target depth ofi® and a strain rate of 0.01*,ssixteen points at 5Qm intervals were
measured inside a wear scar for each PEEK plate.alBrage hardness at each indentation depth enstahdard
deviation were then calculated.

Electron Probe Micro Analysis (EPMA) and Ramaactmpscopy were carried out on the transfer filmnfl on the
steel balls after tribological tests using a JX/886 (JEOL Ltd.) and a Renishaw in/a Raman spectrometer
(Renishaw plc). EPMA is equipped with Wavelengtisgairsive X-ray spectroscopy (WDX) which counts rinenber
of X-rays of a specific wavelength diffracted byciystal, therefore it has higher resolution tharergy Dispersive
X-ray spectrometry (EDX) and is suitable for carboapping. The secondary electron (SE) images artlboanaps
were acquired with a 15-kV beam at 100 nA currBatman spectroscopy is a useful technique for amegjyzolymers
as it gives characteristic spectra of their molacskructures based upon the inelastic scatterfimghotons from the
samples. The Raman spectra were obtained betweknriiband 1800 cm from 100 scans of 1 second each with a

785 nm laser, using a 20objective.

3. Results and Discussion

3.1. OFMs in PEEK-smooth steel contact

The Stribeck curves, representing friction coeffiti values as a function of entrainment speed, tiar



PEEK-smooth steel contact lubricated with PAO aA®DP+ OFMs are summarized ig. 4. While PAO showed
slightly higher friction at 200% SRR (sliding) th&9% SRR (sliding-rolling), a significant frictioreduction was
achieved at both SRRs by the addition of OFM-C (&byl sarcosine). OFM-A (oleylamine) and OFM-B (olacid)
also reduced friction, although their impact wascimlower than that of OFM-C. The effect of varimmcentrations
of OFM-C (0.01, 0.1 and 1 wt.%) is shownFiyg. 5. Interestingly, the remarkable ability of OFM-Crieduce friction
efficiently is observable even at the lowest comiegtion (0.01 wt.%) and has superior results to G&lsind OFM-B at
high concentration (1 wt.%), regardless of SRRsisltmeaningful to mention that when tribologicabtte were
conducted with smooth steel balls, there was almostvear on the PEEK plates, regardless of SRRshwicant
formulations.

Theoretically, the different values of SRRs usadidsting have no effect on the lubrication regiinethis study the
entrainment speeds were the same at 200% SRRh(plidhd 50% SRR (sliding-rolling) and therefore thricant
film thicknesses and Lambda ratios were similacdise the testing conditions employed in the PEEKtcontact
were borderline between piezoviscous-elastic amdssous-elastic lubrication, the oil film thickreesalculations using
the equations for piezoviscous-elastic [53] or isoous-elastic lubrication [54,55] gave almost slene results. The
calculated Lambda ratios of approximately 0.1 tmr3the PEEK-smooth steel contact in this studyidaté that both
200% SRR and 50% SRR tests were performed in thedasy/mixed lubrication regimes.

In the steel-steel contact, OFMs have been repdotedduce friction by adsorbing or reacting onteshsurfaces
with the polar groups, thus mitigating the direshiact of the two surfaces in mixed and boundabyitation regimes
[38,39]. The friction results of PAO + OFMs impliat the effect of OFMs, especially OFM-C, in theBREsmooth
steel contact is similar to that in the steel-steeltact, although the adsorption of OFMs on PE&HWnicertain. Further
aspects of OFMs ability to adsorb on PEEK and stedhces will be investigated in the section 3.2.

As previously mentioned, there are two key factoes,the changes in hardness of PEEK surfacetharfdrmation
of PEEK transfer films on steel counterparts dutesding, which influence tribological results bétPEEK-steel contact.
The effect of OFMs on the PEEK hardness will beegtigated in the section 3.4. The PEEK transfendfiproved
difficult to detect on smooth steel balls becauseytwere easily removed from smooth surfaces aetitk of tests.
However, the higher and more unstable friction galtor PAO at 200% SRHAFig. 4(a)) imply that the amount of the
PEEK transfer film under PAO lubrication was largdr200% SRR than 50% SRR, therefore the workimggme
leaned towards boundary lubrication. Additionatlye low and steady friction values achieved withOPA OFM-C
(1%) could indicate that OFM-C influenced the fotima of PEEK transfer films on steel. The effecttioé OFMs on

PEEK transfer films formation will be further dissed in the section 3.5.

3.2. OFMs in PEEK-PEEK and steel-steel contacts

Although this study mainly focused on the PEEK-stemtact, the effect of OFMs in PEEK-PEEK and kiteel
contacts was evaluated to estimate separately Eid @dsorption ability on PEEK and steel surfacdse Btribeck
curves for PEEK-PEEK and steel-steel contacts ¢abed with PAO and PAO + OFMs are showifig. 6. Similar to
the PEEK-smooth steel contaétiq. 4), OFM-C also reduced friction in the PEEK-PEEK asidel-steel contacts at
both 200% and 50% SRRs. On the contrary, the dncteducing effects of OFM-A and OFM-B were lowspecially
at 50% SRR. Different concentrations of OFM-C walso investigated as shown king. 7. In both the PEEK-PEEK



and steel-steel contacts, OFM-C showed a frictemtucing effect even at lower concentrations. Theselts imply that
OFM-C adsorbed on both PEEK and steel surfacescimgldriction in the PEEK-smooth steel contact &dssed in
the former section 3.1.

The poor friction reducing properties of OFM-A a@#M-B in PEEK-PEEK and steel-steel contacts coddbe
to a low ability to absorb/react on either PEEK atekl surfaces under the test condition i.e. teatpee employed in
this study. OFM-A (olyelamine) and OFM-B (oleic dgiare widely used organic friction modifiers forany
applications, but it has been reported that theyegdly work better at higher temperatures whichetgrate the
reaction of their polar groups with the surface8,44]. On the contrary, OFM-C (N-oleoyl sarcosimehieved a
significant friction reduction for both PEEK-PEEKhd steel-steel contacts even at very low conceotrst This
implies that OFM-C has a superior adsorption abitih both PEEK and steel surfaces at ambient teatyrer.
Sarcosine derivatives of fatty acids have beenofhiggtlly used as a preferred anti-rust additive doethe
chelate-forming property of the polar grodpd. 8) which interacts strongly with metal surfaces a8, Chelation may
also enhance the adsorption of OFM-C onto PEEKaserfwhich contains the polar ketone groups in tioéecule
structure [58-60]. It should be noted that OFM-@egauperior friction reduction at 200% SRR than SBR&R for both
PEEK-PEEK and steel-steel contacts. This indictias the adsorption of OFM-C is greater in 200% SRIRling)
than 50% SRR (sliding-rolling). As explained in tbection 2.2, SRR is defined as the ratio of tltérg} speed to the
entrainment speed. Therefore, the sliding speedseht entrainment speed are higher at 200% SRR50#NSRR,
causing higher frictional heat which acceleratesatisorption of OFM-C. This is also supported leyfdct that PAO +
OFM-C showed lower friction at 200% SRR than 50%RSkr the PEEK-smooth steel contact in the formestisn
3.1

3.3. OFMs in PEEK-rough steel contact

To investigate the effect of OFMs in the PEEK-ste@htact under more severe boundary lubricatioboltvgical
tests were performed with rough steel balls and hdanratios between 0.01-0.3. The Stribeck curviesdated with
PAO and PAO + OFMs are shownhing. 9. Under PAO lubrication, the friction was considdyahigher at 50% SRR
than at 200% SRR. With the addition of OFMs an aitpoeffect on friction was recorded depending fos $RR. At
200% SRR (sliding) OFMs reduced friction when add®dPAO. By contrast, at 50% SRR (sliding-rollinQFMs,
especially OFM-C, increased friction. This frictiamcreasing effect of OFM-C at 50% SRR was moraifitant at
entrainment speeds above 0.1 m/s. The effect fefrdift concentrations of OFM-C was also investigfeég. 10) and
while at 200% SRR no difference in friction was etv&d, at 50% SRR the two higher concentratiorls §d 1 wt.%)
increased friction.

The optical images and wear profiles of after-RISEK plates irFig. 11 show a very good correlation between the
wear and friction results i.e. higher friction lemlincreased wear for all lubricants. The wear s of PEEK plates
lubricated with PAO were higher at 50% SRR thar2@% SRR Fig. 11(e, m)). The OFM-A and OFM-B did not
affect wear while OFM-C showed significantly reddagear at 200% SRR and increased it at 50% SRdr {1(h, p)).
At 200% SRR (sliding) OFM-C preserved the smoothnafsthe wear tracks even in the lower concentnati@ig.
11(u, v)). On the contrary, at 50% SRR (sliding-rolling) @€ increased the wear volumes of PEEK plates @véine

lower concentrationdg. 11(w, X)).



Thus, in the PEEK-smooth steel contact OFM-C redddetion at both 50% and 200% SRRs as discussete
section 3.1, while in the PEEK-rough steel contaeM-C affected friction and wear in opposite wagpending on
SRR. Considering that the calculated Lambda raidmth SRRs were theoretically the same, the fatgnit difference
between the friction and wear behavior at 200% %08 SRRs in the PEEK-rough steel contact may depentthe
two key factors: the changes in hardness of PEE#ases and the formation of PEEK transfer filmstha steel

counterparts. Therefore, these factors were cédyefuestigated in the following sections 3.4 an8.3

3.4. Hardness modification of PEEK surfaces

The nanoindentation measurements were carried ouh® wear scars of PEEK plates from PEEK-stedk tes
lubricated with PAO and PAO + OFM-C (1%) becauseMaE showed the most significant impact on frictieamd wear.
The hardness values were plotted as a functiondsfnitation depth and compared to those of a newKRit&ie Fig.
12). In all tests, hardness showed high values antadion depth <0.5 um. These values are thoudh¢ tattributed to
a phenomenon known as indentation size effect (IS8&) are not regarded as physically significamabee they are
distorted by the inadequacies in the procedurebeabim provide corrections for the imperfectionsthe tip geometry
[52,61]. Therefore, PEEK hardness measuremeniglahtation depth larger than 0.5 um were used.

The nanoindentation measurement results indicate tttere was no correlation between the hardne$3E&K
surfaces and the friction and wear propertieshéndase of PEEK-smooth steel contact, the hardrfeBEEK plate
tested with PAO was lower at 200% SRR than at 56 $-ig. 12(a, ¢)), while friction was higher at 200% SRR than
at 50% SRRFKig. 4). On the other hand, PAO + OFM-C (1%) also ledoteer PEEK hardness at 200% SRR than at
50% SRR Fig. 12(b, d)), but showed lower friction at 200% SRR than &%58RR Fig. 4). A similar discrepancy was
also observed in the PEEK-rough steel case. At B&Rs, the values of PEEK hardness when lubricatddPAO +
OFM-C (1%) €ig. 12(f, h)) were higher than when lubricated with PARId. 12(e, g)). Although, OFM-C affected
friction and wear properties in opposite ways dejgmon SRRs, i.e. improving friction and wear 80% SRR Fig.
9(a), Fig. 11(h)) or worsening them at 50% SRRig. 9(b), Fig. 11(p)).

Further investigations are required to understhedietailed mechanism of hardness modification&E R surfaces
under lubricated contacts. The results discussedeabuggest that the hardness of PEEK surfaces riuiegreatly
affect the tribological performance in this studdahat other factors could have a more importal&t rTherefore, the

other key factor, formation of PEEK transfer films steel counterparts was investigated in thevioflg section 3.5.

3.5. PEEK transfer films on steel balls

The PEEK transfer films were investigated on thegtosteel balls because they were entrapped betaggrrities
of steel surfaces and more consistent than thosth@rsmooth steel balls. In addition, the studyufed on the
specimens tested with PAO and PAO + OFM-C (1%)oashénoindentation measurements. Secondary Ele¢g&ah
images of all specimens Fig. 13(a-d) showed that there was almost no wear on steed. sl the hardness of a steel
ball is much higher than that of a PEEK plate, disvexpected that wear would mainly occur on PEE#epl Notably
the shapes of wear scars were different betweefo28BR (sliding) and 50% SRR (sliding-rolling) tedts sliding
tests (200% SRR) the steel balls were fixed and wear scars had a round shapeg( 13(a, b)), while in
sliding-rolling tests (50% SRR) the steel ballsatetl producing a circumferential wear sdaig( 13(c, d)). Although



SE images clearly indicate the presence of PEE#Stea films, to evaluate the PEEK amount, EPMA oarimapping
was also employeHig. 13(e-h). The carbon amount is indicated by the color soalthe map. On the wear scars of the
steel balls lubricated with PAO, larger amountgafoon were detected at 200% SRR than at 50% SRR1E(e, 9)).

By adding OFM-C, the carbon amount was reducedtt BRRs Fig. 13(f, h)), and this reduction was observed not
only inside wear scars but also outside.

The presence of carbon detected with EPMA is sugafigsrelated to PEEK transfer films but to confithis
assumption Raman spectra were recorded on the sgass of steel balls as shownFig. 13(i-1). All spectra display
identical peaks which match the Raman spectra dKPEeported in the literature [62—65]. A small difénce is
observed around 1300 &nin the spectra for PAO and PAO + OFM-C (1%) at 58&R Fig. 13(k, I)) which could be
caused by the steel substrate. From the Ramarrepempy results, it can be concluded that EPMA@amaapping is a
valid analysis technique for PEEK transfer filmssteel balls.

It is noteworthy that the carbon amount on the waars of steel balld={g. 13(e-h)) and the friction and wear
properties Fig. 9 and Fig. 11) showed a good correlation i.e. in the PEEK-rostgel contact a greater amount of
carbon on the steel counterparts led to loweridnicnd wear. This indicates that the presenceREEK transfer film
on the steel ball is a key factor in controllindptdogical performances of the PEEK-rough steetaoin As discussed in
the section 3.3, OFM-C had a detrimental effecfrariion and wear at 50% SRFiQ. 9(b), Fig. 11(p)). The lower
carbon amount on the steel ball lubricated with PAOFM-C (1%) at 50% SRRF{g. 13(h)) suggests that the PEEK
transfer film was not thick enough to cover thegtmess of the steel ball. This caused abrasive luedirect contact
between the PEEK surface and the large asperitidsecsteel surfaces. In this case the adsorptiddFM-C on the
steel surface may have inhibited the formation dfiak PEEK transfer film. As we reported previou§Bl], PAO
lubrication by itself inhibits the formation of trafer films compared to dry conditions. In thisdstuthe adsorption of
OFMs was found to inhibit even more the formatié®BEK transfer films. In steel-steel contacts,ikimcompetitions
between OFMs and anti-wear ZDDP or phosphoroustagemabsorb/react on the wear track have beerntezhby
Ratoi et al. [66] and Onumata et al. [67]. As allieanentioned, the carbon amounts outside wear sears very
limited for PAO + OFM-C (1%) regardless of SRREsg; 13(f, h)). This implies that OFM-C adsorbed not only inside
but also outside the wear scars on steel ballsfarglinhibited the formation of PEEK transfer films

Intriguing, the thick transfer film was formed €@@@®@6 SRR even in the PAO + OFM-C (1%) lubricated (Egy.
13(f)). This implies that in sliding (200% SRR) conditsothe PEEK film transfer was more dominant thaninihibition
by OFM-C adsorption and thus it controlled the psx Puhan and Wong [64] reported in-situ obsemwaif the PEEK
wear process under dry conditions and suggeste®BEK wear debris ploughed by the asperities@ttunter surface
re-entered the contact surfaces, forming PEEK tearfdms. Under lubricated conditions, wear delpésticles once
formed disperse into the lubricant. However, thdirsl) (200% SRR) in which the steel ball is fixedn help to trap and
pile up formed wear debris near the contact inletenefficiently than the sliding-rolling (50% SRRhere both the steel
ball and the PEEK plate rotate and aid the flustongwear debris. The accumulated wear debris theainlet can
contribute to the formation of a PEEK transfer fiimthe steel surface in sliding (200% SRR) eveateutubrication with
PAO + OFM-C (1%) Fig. 13(f)). In addition, PAO + OFM-C (1%) showed lower fiist and wear (the surface profile
with almost no wear) than PAO at 200% SHRg( 9(a), Fig. 11(h)). This implies that OFM-C adsorbed on both the
PEEK plate and the PEEK transfer film on the sbedl, thus mitigating the severity of the contaghditions between

the two surfaces.



As discussed in the section 3.1, the advancedtfamsfer in the PEEK-smooth steel contact lubritatéh PAO at
200% SRR increased friction. Contrary to the PEBKgh steel contact, the PEEK transfer films in ttdse exerted a
negative effect on friction by increasing the scefaoughness and shifting the lubrication reginosed to the boundary
lubrication. The outstanding friction reduction pesty showed by PAO + OFM-C (1%) at 200% SHRy(4(a)) can be
achieved by the synergistic effect of OFM adsorptamd the inhibition of excessive PEEK transfemélon steel

counterparts.

3.6. Mechanism of lubrication

Although OFM-C affected the hardness of PEEK s@d$aas shown in the section 3.4, no correlation feasd
between the PEEK hardness and tribological perfoces of the PEEK-steel contact. In this studys iassumed that
the friction and wear of PEEK-steel contact unddarication with OFM added to PAO is mainly contedll by the
OFM adsorption and the PEEK transfer film. Congiugithese factors, the proposed mechanism of latioic with
OFMs in the PEEK-steel contact is summarize#io 14. The working mechanism has been investigated bysiog
on OFM-C in the sections 3.4 and 3.5 but it haswlgneralized for OFMs, because most OFMs can bsidered to
work at ambient temperature essentially in the samg as OFM-C although the extent depends on dasorption
abilities.

OFMs adsorb on both steel and PEEK surfaces witlptitar group. The lubrication mechanism in the REBRooth
steel contact is similar to that of steel-steeltaoh the OFM adsorption layer mitigates the dimtact between the
two surfaces and thus reduces friction. Furthermtire OFMs adsorption on the smooth steel surfabéits the
formation of excessive PEEK transfer films which ubb increase friction by increasing surface rougisnelhe
adsorption of OFMs is greater in sliding than slgirolling, resulting in superior friction reductio For the
PEEK-smooth steel contact OFMs show positive edfént both sliding and sliding-rolling. By contradgr the
PEEK-rough steel contact, OFMs show either a p@sitr negative effect on friction and wear depegdin the type of
contact motion. In sliding, a thick and stable PE&#&nsfer film is formed on the rough steel surfasen under
lubrication with PAO + OFMs. OFMs adsorb on toptted PEEK transfer film and on the PEEK plate swfaeducing
friction and wear. However, this scenario changesliding-rolling where OFM adsorption on roughedtamhibits the
formation of PEEK transfer film, and thus presegvihe steel ball roughness. As a result, abrasear Wwetween the
asperities of the steel surface and the PEEK phatses increased friction and wear of PEEK.

Both OFM adsorption and PEEK transfer on steel taparts are affected by the tribological condisiohus, in
practical applications the balance between thesgitacesses depends on the specific conditions tksading said that,
this study brings novel insight into the effect@®Ms on lubrication of PEEK-steel contact by elatidg the working
mechanism of OFMs which is essential to formulatipgimal lubricants and developing more efficiepstems for

PEEK applications.

4. Conclusions

The effect of OFMs on lubrication of PEEK-steel mts has been investigated by varying the typesoafact

motion, the material pairing and the roughness teélssurfaces. The results were corroborated amdyzed by



focusing on two key factors, the hardness of PE&tfases and the PEEK transfer films, and a workimreghanism of
OFMs has been defined. The following conclusionsHzeen drawn:

(1) Compared with OFM-A (oleylamine) and OFM-B (oleicid), OFM-C (N-oleoyl sarcosine) showed a
significant friction reduction in the PEEK-smootteal contact at both 200% SRR (sliding) and 50% SRR
(sliding-rolling). A similar friction reducing effg of OFM-C was seen in the PEEK-PEEK and stedaltste
contacts;

(2) In the PEEK-rough steel contact OFMs, most sigaifitty OFM-C, showed opposite effects depending on
SRRs, reducing friction and wear at 200% SRR wihiteeasing them at 50% SRR;

(3) The hardness of PEEK surfaces was affected by did&i@n of OFM-C, but no correlation was observed
between the PEEK hardness and the tribologicaletis of the PEEK-steel contact;

(4) A good correlation was observed between the amolUREEK transfer films and the tribological propestof
the PEEK-steel contact. OFM-C inhibited the formatiof PEEK transfer films, which can have either a
positive or negative effect on tribological projpestdepending on the test conditions.

This study elucidated the effect of OFMs on lohtion of the PEEK-steel contact and proposed thehamism of

action. This knowledge contributes to designingcedht tribological systems and formulating suitatiibricants for

PEEK-steel applications and thus promoting thed-apioption of green technologies in many applicatio
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Tables

Table 1 Test oil formulations

Lubricant

Composition

PAO + OFM-A (1%)
PAO + OFM-B (1%)
PAO + OFM-C (1%)
PAO + OFM-C (0.1%)
PAO + OFM-C (0.01%)

PAO + 1 wt.% Oleylamine

PAO + 1 wt.% Oleic acid

PAO + 1 wt.% N-oleoyl sarcosine
PAO + 0.1 wt.% N-oleoyl sarawsi
PAO + 0.01 wt.% N-oleoyl salioes
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Chemical structures of OFMs.

MTM (a) set-up appearance and schematic configanstiof (b) PEEK-steel, (c¢) PEEK-PEEK and (d)
steel-steel.

Friction coefficient and entrainment speed as atfan of time during the tribological test.

Stribeck curves for PEEK-smooth steel contact kaiaed with PAO and PAO + OFMs at (a) 200% SRR and
(b) 50% SRR.

Stribeck curves for PEEK-smooth steel contact tdidd with PAO and PAO + OFM-C at (a) 200% SRR
and (b) 50% SRR.

Stribeck curves lubricated with PAO and PAO + OFMds (a) PEEK-PEEK contact at 200% SRR, (b)
PEEK-PEEK contact at 50% SRR, (c) steel-steel abrab 200% SRR and (d) steel-steel contact at 50%
SRR.

Stribeck curves lubricated with PAO and PAO + OFMeE (a) PEEK-PEEK contact at 200% SRR, (b)
PEEK-PEEK contact at 50% SRR, (c) steel-steel abrat200% SRR and (d) steel-steel contact at 50%
SRR.

Schematic effect of a sarcosine derivative of fattids on a metal surface.

Stribeck curves for PEEK-rough steel contact ludigad with PAO and PAO + OFMs at (a) 200% SRR and
(b) 50% SRR.

Stribeck curves for PEEK-rough steel contact ludted with PAO and PAO + OFM-C at (a) 200% SRR and
(b) 50% SRR.

PEEK plates (a-d, i-l, g-t) optical images and (a¥hp, u-x) wear profiles with rough steel ballsrdws
indicate the sliding direction.

Nanoindentation hardness of PEEK plates tested(aitl) smooth and (e-h) rough steel balls.

Wear scars on rough steel balls (a-d) SE images) EEMPA carbon maps and (i-l) Raman spectra. Asrow
indicate the sliding direction.

Proposed mechanism of lubrication with OFM in PE&Kel contact.
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OFM-A: Oleylamine

NH;

OFM-B : Oleic acid

OFM-C : N-oleoyl sarcosine

OH
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Highlights

OFMss affect the friction and wear of oil lubricated PEEK-steel contacts.
N-oleoyl sarcosine exerts a significant and specific effect on tribological properties.
The type of contact motion i.e. diding or sliding-rolling determines the impact of OFMs.

Thetribological effect isrelated to the formation of PEEK transfer films on steel.
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