Effect of organic friction modifiers on lubrication of PEEK-steel contact
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Abstract

The rapid adoption of the advantageous PEEK/steel pairing in many tribological applications has prompted intense
research to optimize its lubrication. Thus, the role of organic friction modifiers (OFMs) in improving the lubrication of
PEEK-steel contacts has been studied and their mechanism explained. Their effect on friction and wear depends on the
type of contact motion (i.e. sliding or sliding-rolling) and the steel surface roughness. N-oleoyl sarcosine had a significant
effect on tribological properties due to its ability to absorb strongly on both materials, inhibit the formation of PEEK

transfer films on steel and thus exert either a positive or negative effect depending on the test conditions.
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1. Introduction

Polymers and polymer-based composites are becoming preferred materials in many tribological applications.
Compared with metals, polymer materials have advantages such as lightweight, reduced noise and self-lubricating
properties which make their use in automotive, acrospace, medical, industrial applications highly desirable [1-5]. On the
other hand, the mechanical strength and thermal stability of polymers are lower than those of metals, and therefore they
tend to suffer from failures such as wear, local melting and pitting when used under severe conditions [6—9]. Among the
many types of polymers, Poly-Ether-Ether-Ketone (PEEK) has superior mechanical properties and higher thermal stability
than other conventional polymers which make it suitable for tribological applications operating under severe conditions.
[1-3,10,11]. Due to its self-lubricating properties in practice PEEK is commonly used with steel counterparts in dry
conditions, and numerous studies have investigated the friction and wear properties of PEEK-steel contacts in dry
conditions [12—-19]. While there have been many attempts to improve the tribological performance of PEEK from the
material side, as in the case of PEEK composites with specific fillers [20—26], fluid lubrication has the potential to further
reduce friction and wear of PEEK [27-34]. However, the reports on the tribological performance of PEEK in lubricated
conditions are scant and the effect and working mechanism of lubrication were not fully investigated, especially for the
case with lubricant additives.

Lubricant additives are commonly added to base oil in small proportions to improve the lubricity and lifespan [35—
37]. While there are various types of lubricant additives depending on their use, organic friction modifiers (OFMs) are
historically some of the most essential lubricant additives [38,39]. OFMs are surfactant-like molecules generally
consisting of long hydrocarbon chains (usually more than 10 carbon atoms) with polar groups (e.g. alcohol, amine, amide
and carboxylic acid groups) at their ends. The effect of OFMs have been extensively investigated in steel-steel contacts
[40—44], and the working mechanism proposed was that OFMs adsorb or chemically react on the polar steel surfaces to
form dense monolayers or thick reacted viscous layers, thus preventing direct contact between two sliding surfaces and
mitigating friction and wear. As PEEK contains the polar ketone group in the monomer structure, OFMs might absorb on
the polar PEEK surfaces and improve further their tribological performances. Nevertheless, there has been little work
reported about the effect of OFMs on lubrication of PEEK.

When trying to elucidate the effect and working mechanism of OFMs, there are two important factors to consider
which are reported to influence the tribological properties of PEEK -steel contacts under lubrication: changes in hardness
of PEEK surfaces and formation of PEEK transfer films on steel counterparts. Yamamoto and Takashima [45] showed
that water lubrication of a PEEK-steel contact increased the wear of PEEK dramatically compared with the dry condition.
Because the hardness of the PEEK sliding surface decreased in water lubrication, while the mere immersion in water did
not lead to any changes, the authors postulated that the high wear of PEEK was caused by the softening of the rubbing
surface during water lubrication. Similar softening of PEEK in water lubricated conditions was reported by Yamaguchi
and Hokkirigawa [46]. Briscoe et al. [47] showed that chemicals such as decanoic acid and dodecyl amine (whose
hydrocarbon chains are too short to work as OFMs) added to dodecane produced the softening of PEEK surfaces, causing
a premature form of scuffing failure in the PEEK -steel contact.

Another key factor is the PEEK transfer films on steel counterparts which act as protective layers avoiding the direct
contacts of PEEK surfaces with the hard asperities of steel counterparts [14,18,48]. Kurdi et al. [49] reported that water

lubrication of a PEEK-steel contact reduced friction, but dramatically increased the wear of PEEK compared with dry



conditions. As a PEEK transfer film on the steel counterpart was not observed in water lubricated conditions, the authors
concluded that water lubrication inhibits the formation of stable transfer films on steel counterparts. Tatsumi et al. [31]
showed that lubrication with a poly-a-olefin (PAO) base oil suppressed not only the formation but also the removal of
PEEK transfer films in the PEEK-steel contact, therefore causing either a positive or negative effect on wear of PEEK
depending on the tribological test conditions.

The current study aimed to investigate the effect of OFMs on the lubrication of PEEK -steel contacts, and thus elucidate
their working mechanism, essential to formulating optimal lubricants and developing ideally suited PEEK-based systems
for tribological applications. This was achieved by focusing on two important factors influencing tribological properties,
the hardness of PEEK surfaces and the PEEK transfer films on steel counterparts after tribological testing. The friction
and wear properties of PEEK with steel counterparts were studied under lubrication with OFMs added to a PAO base oil
in sliding and sliding-rolling contacts as encountered in tribological applications such as bushings, seals, gears and

bearings, where lubricated PEEK -steel contacts are envisaged.

2. Experimental Methods

2.1. Materials

PEEK specimens for tribological tests were prepared as plates and balls. PEEK plates were injection molded from
commercially available PEEK (Solvay® KT-820 NT). PEEK balls (Ketron® 1000) were purchased and drilled to fit the
test rig. The Ra surface roughness of PEEK specimens was approximately 0.05 um for plates and 0.1 um for balls,
respectively. They were used without polishing. Steel balls and discs (AISI 52100) were obtained from PCS Instruments
Ltd. These steel specimens were with smooth surfaces of Ra=0.01-0.02 um. For tribological measurements under more
severe conditions, rough steel balls were prepared from smooth balls by shot blasting to the Ra roughness of
approximately 0.5 um. New plates and balls were used for each test and cleaned with a hydrocarbon-mix solvent
(FASTCLEAN 201, CRC Industries UK Ltd) and isopropanol prior to the test.

Three types of OFMs, oleylamine (OFM-A), oleic acid (OFM-B) and N-oleoyl sarcosine (OFM-C), were investigated
in this study. The chemical structures of these OFMs are shown in Fig. 1. They have similar types of hydrocarbon moieties,
but different polar groups. OFMs in this study were technical-grade, and contained a small amount of different
hydrocarbon structures as impurities. However, the compositions of hydrocarbon structures were similar in the three
OFMs, hence the main components of the effect of the OFMs were their polar groups.

Test oil formulations are listed in Table 1. The OFMs were added at 0.01 to 1.0 wt.% to a PAO base oil with a density
of 0.819 g/cm? and viscosity of 17.5 ¢St at 40 °C and 3.9 ¢St at 100 °C (~31 ¢St at 25 °C).

2.2. Tribological tests
Tribological tests were carried out at ambient temperature (approximately 25 °C) using a Mini Traction Machine
(MTM) from PCS Instruments Ltd. in three configurations, PEEK-steel, PEEK-PEEK and steel-steel, as shown in Fig.
2. This study mainly focused on the PEEK-steel contact using a pair of a steel ball and a PEEK plate which was placed
on top of a bespoke MTM disc and secured in place with the nut. In the PEEK-PEEK and steel-steel contacts, a PEEK

ball and plate and a steel ball and plate respectively were used. Tribological tests were performed under two different



types of contact motion: sliding and sliding-rolling. In the sliding condition, the ball was kept stationary and only the
disc was rotated. In the sliding-rolling condition, the ball and disc were driven independently to create a mixed sliding-
rolling contact with the slide-roll ratio (SRR) of 50%. SRR is defined as the ratio of the sliding speed (uq4 - up) to the
entrainment speed ((ug + up)/2), where ug and uy are the speeds of the disc and the ball with respect to the contact. In the
sliding condition SRR is calculated as 200%. The entrainment speed was gradually increased up to 1 m/s and was
maintained for 60 seconds at each speed. To allow for run-in, this speed cycle was repeated three times consecutively as
shown in Fig. 3. The friction coefficients for the Stribeck curves were averaged over the last 20 seconds at each
entrainment speed during the 3™ cycle. The applied loads were 50 N for the PEEK-steel and PEEK-PEEK contacts, and
5 N for the steel-steel contact to make the Hertzian contact pressure as similar in value as possible for all the material
combinations. The maximum Hertzian contact pressure (Pmax) was calculated as 0.16 GPa in PEEK-steel, 0.10 GPa in
PEEK-PEEK and 0.68 GPa in steel-steel, respectively, using an elastic modulus of 3.83 GPa and a Poisson’s ratio of
0.33 for PEEK (adapted from a supplier’s catalogue). The wear profiles of PEEK plates were measured with a stylus
profilometer (SURFCOM 1500 DX2, Tokyo Seimitsu Co., Ltd.).

2.3. Surface Analyses (Nanoindentation, EPMA, Raman)

After-test specimens from PEEK-steel contacts were rinsed with a hydrocarbon solvent and dried before surface
analysis. Nanoindentation measurements were performed with an iNano® nanoindenter (NANOMECHANICS, Inc.)
equipped with a Berkovich tip. To evaluate the hardness of PEEK as a function of indentation depth, the continuous
stiffness measurement (CSM) technique [50-52] was employed by applying a small, sinusoidally varying signal on top
of a DC signal driving the indenter. The hardness at each indentation depth was determined by analyzing the response of
amplitude and phase. The frequency and displacement amplitude values were 110 Hz and 1 nm, respectively. Under a
load range of 50 mN, a target depth of 3 um and a strain rate of 0.01 s!, sixteen points at 50 pm intervals were measured
inside a wear scar for each PEEK plate. The average hardness at each indentation depth and the standard deviation were
then calculated.

Electron Probe Micro Analysis (EPMA) and Raman spectroscopy were carried out on the transfer films found on the
steel balls after tribological tests using a JXA-8530F (JEOL Ltd.) and a Renishaw inVia™ Raman spectrometer (Renishaw
plc). EPMA is equipped with Wavelength Dispersive X-ray spectroscopy (WDX) which counts the number of X-rays of
a specific wavelength diffracted by a crystal, therefore it has higher resolution than Energy Dispersive X-ray spectrometry
(EDX) and is suitable for carbon mapping. The secondary electron (SE) images and carbon maps were acquired with a
15-kV beam at 100 nA current. Raman spectroscopy is a useful technique for analyzing polymers as it gives characteristic
spectra of their molecular structures based upon the inelastic scattering of photons from the samples. The Raman spectra
were obtained between 700 cm™! and 1800 cm™! from 100 scans of 1 second each with a 785 nm laser, using a 20 x

objective.

3. Results and Discussion

3.1. OFMs in PEEK-smooth steel contact

The Stribeck curves, representing friction coefficient values as a function of entrainment speed, for the PEEK-smooth



steel contact lubricated with PAO and PAO + OFMs are summarized in Fig. 4. While PAO showed slightly higher friction
at 200% SRR (sliding) than 50% SRR (sliding-rolling), a significant friction reduction was achieved at both SRRs by the
addition of OFM-C (N-oleoyl sarcosine). OFM-A (oleylamine) and OFM-B (oleic acid) also reduced friction, although
their impact was much lower than that of OFM-C. The effect of various concentrations of OFM-C (0.01, 0.1 and 1 wt.%)
is shown in Fig. 5. Interestingly, the remarkable ability of OFM-C to reduce friction efficiently is observable even at the
lowest concentration (0.01 wt.%) and has superior results to OFM-A and OFM-B at high concentration (1 wt.%),
regardless of SRRs. It is meaningful to mention that when tribological tests were conducted with smooth steel balls, there
was almost no wear on the PEEK plates, regardless of SRRs or lubricant formulations.

Theoretically, the different values of SRRs used for testing have no effect on the lubrication regime. In this study the
entrainment speeds were the same at 200% SRR (sliding) and 50% SRR (sliding-rolling) and therefore the lubricant film
thicknesses and Lambda ratios were similar. Because the testing conditions employed in the PEEK-steel contact were
borderline between piezoviscous-elastic and isoviscous-elastic lubrication, the oil film thickness calculations using the
equations for piezoviscous-elastic [53] or isoviscous-elastic lubrication [54,55] gave almost the same results. The
calculated Lambda ratios of approximately 0.1 to 3 for the PEEK-smooth steel contact in this study indicate that both
200% SRR and 50% SRR tests were performed in the boundary/mixed lubrication regimes.

In the steel-steel contact, OFMs have been reported to reduce friction by adsorbing or reacting on contact surfaces
with the polar groups, thus mitigating the direct contact of the two surfaces in mixed and boundary lubrication regimes
[38,39]. The friction results of PAO + OFMs imply that the effect of OFMs, especially OFM-C, in the PEEK-smooth steel
contact is similar to that in the steel-steel contact, although the adsorption of OFMs on PEEK is uncertain. Further aspects
of OFMs ability to adsorb on PEEK and steel surfaces will be investigated in the section 3.2.

As previously mentioned, there are two key factors, i.e. the changes in hardness of PEEK surfaces and the formation
of PEEK transfer films on steel counterparts during testing, which influence tribological results of the PEEK-steel contact.
The effect of OFMs on the PEEK hardness will be investigated in the section 3.4. The PEEK transfer films proved difficult
to detect on smooth steel balls because they were easily removed from smooth surfaces at the end of tests. However, the
higher and more unstable friction values for PAO at 200% SRR (Fig. 4(a)) imply that the amount of the PEEK transfer
film under PAO lubrication was larger at 200% SRR than 50% SRR, therefore the working regime leaned towards
boundary lubrication. Additionally, the low and steady friction values achieved with PAO + OFM-C (1%) could indicate
that OFM-C influenced the formation of PEEK transfer films on steel. The effect of the OFMs on PEEK transfer films

formation will be further discussed in the section 3.5.

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

Although this study mainly focused on the PEEK-steel contact, the effect of OFMs in PEEK-PEEK and steel-steel
contacts was evaluated to estimate separately the OFM adsorption ability on PEEK and steel surfaces. The Stribeck curves
for PEEK-PEEK and steel-steel contacts lubricated with PAO and PAO + OFMs are shown in Fig. 6. Similar to the PEEK-
smooth steel contact (Fig. 4), OFM-C also reduced friction in the PEEK-PEEK and steel-steel contacts at both 200% and
50% SRRs. On the contrary, the friction reducing effects of OFM-A and OFM-B were lower especially at 50% SRR.
Different concentrations of OFM-C were also investigated as shown in Fig. 7. In both the PEEK-PEEK and steel-steel

contacts, OFM-C showed a friction reducing effect even at lower concentrations. These results imply that OFM-C



adsorbed on both PEEK and steel surfaces reducing friction in the PEEK-smooth steel contact as discussed in the former
section 3.1.

The poor friction reducing properties of OFM-A and OFM-B in PEEK-PEEK and steel-steel contacts could be due to
a low ability to absorb/react on either PEEK and steel surfaces under the test condition i.e. temperature employed in this
study. OFM-A (olyelamine) and OFM-B (oleic acid) are widely used organic friction modifiers for many applications,
but it has been reported that they generally work better at higher temperatures which accelerate the reaction of their polar
groups with the surfaces [43,44]. On the contrary, OFM-C (N-oleoyl sarcosine) achieved a significant friction reduction
for both PEEK-PEEK and steel-steel contacts even at very low concentrations. This implies that OFM-C has a superior
adsorption ability on both PEEK and steel surfaces at ambient temperature. Sarcosine derivatives of fatty acids have been
historically used as a preferred anti-rust additive due to the chelate-forming property of the polar group (Fig. 8) which
interacts strongly with metal surfaces [56,57]. Chelation may also enhance the adsorption of OFM-C onto PEEK surface
which contains the polar ketone groups in the molecule structure [58—60]. It should be noted that OFM-C gave superior
friction reduction at 200% SRR than 50% SRR for both PEEK-PEEK and steel-steel contacts. This indicates that the
adsorption of OFM-C is greater in 200% SRR (sliding) than 50% SRR (sliding-rolling). As explained in the section 2.2,
SRR is defined as the ratio of the sliding speed to the entrainment speed. Therefore, the sliding speeds at each entrainment
speed are higher at 200% SRR than 50% SRR, causing higher frictional heat which accelerates the adsorption of OFM-
C. This is also supported by the fact that PAO + OFM-C showed lower friction at 200% SRR than 50% SRR for the

PEEK-smooth steel contact in the former section 3.1.

3.3. OFMs in PEEK-rough steel contact

To investigate the effect of OFMs in the PEEK -steel contact under more severe boundary lubrication, tribological tests
were performed with rough steel balls and Lambda ratios between 0.01-0.3. The Stribeck curves lubricated with PAO and
PAO + OFMs are shown in Fig. 9. Under PAO lubrication, the friction was considerably higher at 50% SRR than at 200%
SRR. With the addition of OFMs an opposite effect on friction was recorded depending on the SRR. At 200% SRR
(sliding) OFMs reduced friction when added to PAO. By contrast, at 50% SRR (sliding-rolling) OFMs, especially OFM-
C, increased friction. This friction increasing effect of OFM-C at 50% SRR was more significant at entrainment speeds
above 0.1 m/s. The effect of different concentrations of OFM-C was also investigated (Fig. 10) and while at 200% SRR
no difference in friction was observed, at 50% SRR the two higher concentrations (0.1 and 1 wt.%) increased friction.

The optical images and wear profiles of after-test PEEK plates in Fig. 11 show a very good correlation between the
wear and friction results i.e. higher friction led to increased wear for all lubricants. The wear volumes of PEEK plates
lubricated with PAO were higher at 50% SRR than at 200% SRR (Fig. 11(e, m)). The OFM-A and OFM-B did not affect
wear while OFM-C showed significantly reduced wear at 200% SRR and increased it at 50% SRR (Fig. 11(h, p)). At
200% SRR (sliding) OFM-C preserved the smoothness of the wear tracks even in the lower concentrations (Fig. 11(u,
v)). On the contrary, at 50% SRR (sliding-rolling) OFM-C increased the wear volumes of PEEK plates even in the lower
concentrations (Fig. 11(w, x)).

Thus, in the PEEK-smooth steel contact OFM-C reduced friction at both 50% and 200% SRRs as discussed in the
section 3.1, while in the PEEK-rough steel contact OFM-C affected friction and wear in opposite ways depending on

SRR. Considering that the calculated Lambda ratios at both SRRs were theoretically the same, the significant difference



between the friction and wear behavior at 200% and 50% SRRs in the PEEK-rough steel contact may depend on the two
key factors: the changes in hardness of PEEK surfaces and the formation of PEEK transfer films on the steel counterparts.

Therefore, these factors were carefully investigated in the following sections 3.4 and 3.5.

3.4. Hardness modification of PEEK surfaces

The nanoindentation measurements were carried out on the wear scars of PEEK plates from PEEK-steel tests
lubricated with PAO and PAO + OFM-C (1%) because OFM-C showed the most significant impact on friction and wear.
The hardness values were plotted as a function of indentation depth and compared to those of a new PEEK plate (Fig.
12). In all tests, hardness showed high values at indentation depth <0.5 pm. These values are thought to be attributed to a
phenomenon known as indentation size effect (ISE), and are not regarded as physically significant because they are
distorted by the inadequacies in the procedures applied to provide corrections for the imperfections in the tip geometry
[52,61]. Therefore, PEEK hardness measurements at indentation depth larger than 0.5 pm were used.

The nanoindentation measurement results indicate that there was no correlation between the hardness of PEEK
surfaces and the friction and wear properties. In the case of PEEK-smooth steel contact, the hardness of PEEK plate tested
with PAO was lower at 200% SRR than at 50% SRR (Fig. 12(a, ¢)), while friction was higher at 200% SRR than at 50%
SRR (Fig. 4). On the other hand, PAO + OFM-C (1% also led to lower PEEK hardness at 200% SRR than at 50% SRR
(Fig. 12(b, d)), but showed lower friction at 200% SRR than at 50% SRR (Fig. 4). A similar discrepancy was also
observed in the PEEK-rough steel case. At both SRRs, the values of PEEK hardness when lubricated with PAO + OFM-
C (1%) (Fig. 12(f, h)) were higher than when lubricated with PAO (Fig. 12(e, g)). Although, OFM-C affected friction and
wear properties in opposite ways depending on SRRs, i.e. improving friction and wear at 200% SRR (Fig. 9(a), Fig.
11(h)) or worsening them at 50% SRR (Fig. 9(b), Fig. 11(p)).

Further investigations are required to understand the detailed mechanism of hardness modification of PEEK surfaces
under lubricated contacts. The results discussed above suggest that the hardness of PEEK surfaces does not greatly affect
the tribological performance in this study and that other factors could have a more important role. Therefore, the other

key factor, formation of PEEK transfer films on steel counterparts was investigated in the following section 3.5.

3.5. PEEK transfer films on steel balls

The PEEK transfer films were investigated on the rough steel balls because they were entrapped between asperities
of steel surfaces and more consistent than those on the smooth steel balls. In addition, the study focused on the specimens
tested with PAO and PAO + OFM-C (1%) as for nanoindentation measurements. Secondary Electron (SE) images of all
specimens in Fig. 13(a-d) showed that there was almost no wear on steel balls. As the hardness of a steel ball is much
higher than that of a PEEK plate, it was expected that wear would mainly occur on PEEK plates. Notably the shapes of
wear scars were different between 200% SRR (sliding) and 50% SRR (sliding-rolling) tests. In sliding tests (200% SRR)
the steel balls were fixed and the wear scars had a round shape (Fig. 13(a, b)), while in sliding-rolling tests (50% SRR)
the steel balls rotated producing a circumferential wear scar (Fig. 13(c, d)). Although SE images clearly indicate the
presence of PEEK transfer films, to evaluate the PEEK amount, EPMA carbon mapping was also employed Fig. 13(e-h).
The carbon amount is indicated by the color scale on the map. On the wear scars of the steel balls lubricated with PAO,

larger amounts of carbon were detected at 200% SRR than at 50% SRR (Fig. 13(e, g)). By adding OFM-C, the carbon



amount was reduced at both SRRs (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 supposedly related to PEEK transfer films but to confirm this
assumption Raman spectra were recorded on the wear scars of steel balls as shown in Fig. 13(i-1). All spectra display
identical peaks which match the Raman spectra of PEEK reported in the literature [62—65]. A small difference is observed
around 1300 cm™ in the spectra for PAO and PAO + OFM-C (1%) at 50% SRR (Fig. 13(k, 1)) which could be caused by
the steel substrate. From the Raman spectroscopy results, it can be concluded that EPMA carbon mapping is a valid
analysis technique for PEEK transfer films on steel balls.

It is noteworthy that the carbon amount on the wear scars of steel balls (Fig. 13(e-h)) and the friction and wear
properties (Fig. 9 and Fig. 11) showed a good correlation i.e. in the PEEK-rough steel contact a greater amount of carbon
on the steel counterparts led to lower friction and wear. This indicates that the presence of a PEEK transfer film on the
steel ball is a key factor in controlling tribological performances of the PEEK-rough steel contact. As discussed in the
section 3.3, OFM-C had a detrimental effect on friction and wear at 50% SRR (Fig. 9(b), Fig. 11(p)). The lower carbon
amount on the steel ball lubricated with PAO + OFM-C (1%) at 50% SRR (Fig. 13(h)) suggests that the PEEK transfer
film was not thick enough to cover the roughness of the steel ball. This caused abrasive wear by direct contact between
the PEEK surface and the large asperities of the steel surfaces. In this case the adsorption of OFM-C on the steel surface
may have inhibited the formation of a thick PEEK transfer film. As we reported previously [31], PAO lubrication by itself
inhibits the formation of transfer films compared to dry conditions. In this study, the adsorption of OFMs was found to
inhibit even more the formation of PEEK transfer films. In steel-steel contacts, similar competitions between OFMs and
anti-wear ZDDP or phosphorous agents to absorb/react on the wear track have been reported by Ratoi et al. [66] and
Onumata et al. [67]. As already mentioned, the carbon amounts outside wear scars were very limited for PAO + OFM-C
(1%) regardless of SRRs (Fig. 13(f, h)). This implies that OFM-C adsorbed not only inside but also outside the wear scars
on steel balls and thus inhibited the formation of PEEK transfer films.

Intriguing, the thick transfer film was formed at 200% SRR even in the PAO + OFM-C (1%) lubricated test (Fig.
13(f)). This implies that in sliding (200% SRR) conditions the PEEK film transfer was more dominant than the inhibition
by OFM-C adsorption and thus it controlled the process. Puhan and Wong [64] reported in-situ observation of the PEEK
wear process under dry conditions and suggested that PEEK wear debris ploughed by the asperities of the counter surface
re-entered the contact surfaces, forming PEEK transfer films. Under lubricated conditions, wear debris particles once
formed disperse into the lubricant. However, the sliding (200% SRR) in which the steel ball is fixed, can help to trap and
pile up formed wear debris near the contact inlet more efficiently than the sliding-rolling (50% SRR) where both the steel
ball and the PEEK plate rotate and aid the flushing out wear debris. The accumulated wear debris near the inlet can
contribute to the formation of a PEEK transfer film on the steel surface in sliding (200% SRR) even under lubrication
with PAO + OFM-C (1%) (Fig. 13(f)). In addition, PAO + OFM-C (1%) showed lower friction and wear (the surface
profile with almost no wear) than PAO at 200% SRR (Fig. 9(a), Fig. 11(h)). This implies that OFM-C adsorbed on both
the PEEK plate and the PEEK transfer film on the steel ball, thus mitigating the severity of the contact conditions between
the two surfaces.

As discussed in the section 3.1, the advanced film transfer in the PEEK-smooth steel contact lubricated with PAO at
200% SRR increased friction. Contrary to the PEEK-rough steel contact, the PEEK transfer films in this case exerted a

negative effect on friction by increasing the surface roughness and shifting the lubrication regime closer to the boundary



lubrication. The outstanding friction reduction property showed by PAO + OFM-C (1%) at 200% SRR (Fig. 4(a)) can be
achieved by the synergistic effect of OFM adsorption and the inhibition of excessive PEEK transfer films on steel

counterparts.

3.6. Mechanism of lubrication

Although OFM-C affected the hardness of PEEK surfaces as shown in the section 3.4, no correlation was found between
the PEEK hardness and tribological performances of the PEEK-steel contact. In this study, it is assumed that the friction
and wear of PEEK-steel contact under lubrication with OFM added to PAO is mainly controlled by the OFM adsorption
and the PEEK transfer film. Considering these factors, the proposed mechanism of lubrication with OFMs in the PEEK-
steel contact is summarized in Fig. 14. The working mechanism has been investigated by focusing on OFM-C in the
sections 3.4 and 3.5 but it has been generalized for OFMs, because most OFMs can be considered to work at ambient
temperature essentially in the same way as OFM-C although the extent depends on their adsorption abilities.

OFMs adsorb on both steel and PEEK surfaces with the polar group. The lubrication mechanism in the PEEK-smooth
steel contact is similar to that of steel-steel contact: the OFM adsorption layer mitigates the direct contact between the
two surfaces and thus reduces friction. Furthermore, the OFMs adsorption on the smooth steel surface inhibits the
formation of excessive PEEK transfer films which would increase friction by increasing surface roughness. The
adsorption of OFMs is greater in sliding than sliding-rolling, resulting in superior friction reduction. For the PEEK-smooth
steel contact OFMs show positive effects in both sliding and sliding-rolling. By contrast, for the PEEK-rough steel contact,
OFMs show either a positive or negative effect on friction and wear depending on the type of contact motion. In sliding,
a thick and stable PEEK transfer film is formed on the rough steel surface even under lubrication with PAO + OFMs.
OFMs adsorb on top of the PEEK transfer film and on the PEEK plate surface, reducing friction and wear. However, this
scenario changes in sliding-rolling where OFM adsorption on rough steel inhibits the formation of PEEK transfer film,
and thus preserving the steel ball roughness. As a result, abrasive wear between the asperities of the steel surface and the
PEEK plate causes increased friction and wear of PEEK.

Both OFM adsorption and PEEK transfer on steel counterparts are affected by the tribological conditions. Thus, in
practical applications the balance between these two processes depends on the specific conditions used. Having said that,
this study brings novel insight into the effect of OFMs on lubrication of PEEK-steel contact by elucidating the working
mechanism of OFMs which is essential to formulating optimal lubricants and developing more efficient systems for PEEK

applications.

4. Conclusions

The effect of OFMs on lubrication of PEEK -steel contacts has been investigated by varying the types of contact motion,
the material pairing and the roughness of steel surfaces. The results were corroborated and analyzed by focusing on two
key factors, the hardness of PEEK surfaces and the PEEK transfer films, and a working mechanism of OFMs has been
defined. The following conclusions have been drawn:

(1) Compared with OFM-A (oleylamine) and OFM-B (oleic acid), OFM-C (N-oleoyl sarcosine) showed a significant

friction reduction in the PEEK-smooth steel contact at both 200% SRR (sliding) and 50% SRR (sliding-rolling).
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A similar friction reducing effect of OFM-C was seen in the PEEK-PEEK and steel-steel contacts;

In the PEEK-rough steel contact OFMs, most significantly OFM-C, showed opposite effects depending on SRRs,
reducing friction and wear at 200% SRR while increasing them at 50% SRR;

The hardness of PEEK surfaces was affected by the addition of OFM-C, but no correlation was observed between
the PEEK hardness and the tribological properties of the PEEK-steel contact;

A good correlation was observed between the amount of PEEK transfer films and the tribological properties of
the PEEK -steel contact. OFM-C inhibited the formation of PEEK transfer films, which can have either a positive

or negative effect on tribological properties depending on the test conditions.

This study elucidated the effect of OFMs on lubrication of the PEEK-steel contact and proposed the mechanism of

action. This knowledge contributes to designing efficient tribological systems and formulating suitable lubricants for

PEEK-steel applications and thus promoting the rapid adoption of green technologies in many applications.
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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 sarcosine
PAO + 0.01 wt.% N-oleoyl sarcosine
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Chemical structures of OFMs.

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

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

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

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

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

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

Schematic effect of a sarcosine derivative of fatty acids on a metal surface.

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

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

PEEK plates (a-d, i-1, g-t) optical images and (e-h, m-p, u-x) wear profiles with rough steel balls. Arrows
indicate the sliding direction.

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

Wear scars on rough steel balls (a-d) SE images, (e-h) EMPA carbon maps and (i-1) Raman spectra. Arrows
indicate the sliding direction.

Proposed mechanism of lubrication with OFM in PEEK-steel contact.
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Fig. 11.
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Fig. 12.
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Fig. 14.
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