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ARTICLE INFO ABSTRACT

Keywords: Hydrogen applications face sealing challenges. Often, these seals are made of PTFE and work under fretting
PTFE conditions. Experiments in this study were conducted with PTFE against 52100 steel under varying humidity.

Sealing materials Results show significant wear of PTFE in hydrogen, regardless of humidity, with PTFE transferring onto steel

H}Tdmgen . . surfaces. FTIR and XPS analyses reveal that hydrogen’s reducing effect suppresses surface metal oxide formation,
Tribochemical reaction .. . ) i o A i X ) )
Fretting inhibiting tribochemical reactions. However, when hydrogen is diluted with nitrogen, PTFE’s tribological per-

formance improves, though tribochemistry is not promoted. Only with oxygen and water vapour do tri-
bochemical reactions occur in Hy, where metal fluoride is first formed, followed by carboxylate chelates. These
findings highlight the critical role of hydrogen’s reducing nature, offering insights for developing advanced

sealing materials.

1. Introduction

In recent decades, hydrogen (Hz) has emerged as one of the most
promising energy carriers to replace fossil fuels [1]. Hy removes carbon
emissions at the point of use [2,3], and has favourable combustion
properties [4,5]. In aerospace applications, its low molecular weight is
also an advantage [6]. Hy is well established as fuel for fuel cells and its
use in gas turbines and internal combustion engines is being actively
researched.

The safe storage and transportation of Hy gas are critical for its
widespread adoption as an energy source. In compressed storage sys-
tems, internal pressures within compressors can reach up to 100 MPa
[7]. To prevent contamination of Hy by volatile substances such as
lubricating oils and greases, oil-free reciprocating compressors are
extensively employed [8], with sealing and lubrication dependent on the
properties of sealing rings [9]. These components must meet rigorous
standards, displaying low friction coefficients (COF) and wear rates
against steel, to ensure optimal performance. These demanding speci-
fications are pivotal to maintaining the purity of Hy throughout its
compression and subsequent transport phases.

The movement of sealing elements in high-pressure Hy storage sys-
tems results in fretting, making the sealing more prone to failure
compared to traditional sliding mechanisms [10-12]. Fretting refers to
the wear that occurs on loaded contacting surfaces due to small oscil-
latory tangential movements, typically with sliding amplitudes ranging
from micrometres to millimetres [13]. The debris generated from
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fretting tends to be trapped in the contact between seal elements and
metal surfaces [14]. It induces stress concentrations within the seal el-
ements, leading to crack formation [11,12]. Fretting contributes to seal
failure and subsequent Hy leakage. Therefore, it is necessary to examine
fretting failure when researching compressor sealing rings.

Generally, the production and transportation of Hy may introduce
contaminants. Common Hjy production methods such as natural gas
reforming and electrolysis of seawater inevitably result in H2O incor-
poration [15]. Furthermore, during transportation, the use of liquid
ammonia (NHgs) as an H; carrier also leads to condensation, potentially
increasing the H,O content [15,16]. Therefore, in this work, we examine
the impact of HoO contaminants on the tribological properties of sealing
elements in the Hy environment by exploring the friction mechanisms
under varying humidity conditions.

Polytetrafluoroethylene (PTFE) and its composites have demon-
strated good self-lubricating properties with low COF and wear rates
against metal surfaces [8,9]. Their compliance, elasticity, and excellent
sealing properties make them preferred materials for seals in oil-free
reciprocating compressors [9,17]. Additionally, PTFE composites
exhibit outstanding chemical resistance [18] and lower H, permeability
compared to metallic counterparts [19], making them suitable for Hy
sealing applications. For instance, Nakashima et al. and Sawae et al.
found that PTFE exhibited lower wear in Hy environments compared to
air [20,21]. Their morphology and surface chemistry of wear tracks
suggested that in Hy the PTFE transfer films seem more complete than
that in dry air, thus resulting in lower wear. However, Sakano et al. then
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published a work with the opposite result, indicating that the wear of
pure PTFE in H, was significantly higher than in air [22]. This high wear
is caused by the continuously increased counterface roughness, indi-
cating that a protective transfer film cannot form in Hy. These contra-
dictory findings highlight the need for further investigation into PTFE
tribological properties in Hy environments.

In addition to neat PTFE, the impact of fillers, such as glass fibres
(GFs), carbon fibres (CFs), polyphenylene sulfide (PPS), and graphite, on
the tribological performance of PTFE composites in Hy environments [8,
23,24] have been investigated. It was found that soft fillers like PPS and
graphite improved PTFE’s wear resistance in Hy by promoting the for-
mation of transfer films, resulting in lower wear than in air [8].
Conversely, hard abrasive fillers such as GFs increased wear due to
surface damage. However, in the case of another hard abrasive filler CFs,
protective carbon-rich friction films were formed, which effectively
reduced wear [8,24]. Moreover, Nakashima et al. analyzed the effects of
water contamination in Hy applications [25]. They observed that
increased humidity in Hy enhanced the formation of transfer films on
unfilled PTFE, thereby reducing wear. This was attributed to the pro-
motion of iron hydroxide formation in humid environments, which
facilitated the transfer film formation [25]. Chen et al. further explored
the influence of water contamination on PTFE composites filled with CFs
[26]. They found that carbon-based transfer films formed at very low
(less than 1 ppm) and relatively high (more than 20 ppm) water con-
tents, thus reducing wear. However, within the intermediate humidity
range, the composites exhibited higher wear and friction coefficients.

The production of PTFE based materials has been significantly
impacted by European regulations introduced in February 2023,
restricting the use of PFAS materials, thus leading to a substantial
reduction in PTFE production [27]. Identifying appropriate alternatives
has become a matter of urgency. A thorough understanding of the fric-
tion reduction mechanisms of neat PTFE in Hy environment can provide
invaluable guidance for designing the next generation of sealing mate-
rials. However, studies on the lubrication mechanisms of neat PTFE in
Hy are scarce, and the existing experimental results are contradictory.
Furthermore, few studies were conducted under fretting conditions,
making it difficult to reference them for real-world compressor sealing
scenarios. This study aims to fill these gaps. In this work, we focus on
fretting and investigate the tribological performance and the formation
of transfer films of neat PTFE in Hy under varying humidity and O,
levels.

2. Material and methods
2.1. Materials

Neat PTFE balls (PCS instruments) with a diameter of 6 mm were the
model seal materials. 52100 steel discs with a diameter of 10 mm and a
thickness of 3 mm (PCS instruments) and iron oxide discs of the same
size were selected as counterfaces. The mechanical properties of test
materials are listed in Table 1. The roughness of specimens was
measured using a Confocal Microscope with a 20 x objective lens.

All PTFE balls were subjected to ultrasonic cleaning in isopropanol
(99.9%, VWR CHEMICALS) for 10 minutes, then rinsed with iso-
propanol and dried with compressed air. Both 52100 steel and iron
oxide discs underwent a 15-minute ultrasonic cleaning in heptane
(99 %, Fisher Chemical), followed by sequential washing with heptane,

Table 1
The mechanical properties of materials.
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acetone (pharmaceutical primary standard, VWR CHEMICALS), and
isopropanol. They were then dried using compressed air.

2.2. Fretting test

Tribological experiments were conducted using a High Pressure
Reciprocating Rig (HPR, PCS Instruments), see schematic Fig. 1. The
HPR creates a point contact with a reciprocating ball (No. 10) pressed
against a stationary disc (No. 11) in an atmosphere-controlled chamber.
Note that the capacity of the HPR chamber is 20 mL. Control over gas
flow entering the chamber was facilitated by an electronic flowmeter
(No. 01), allowing accurate mixing of different gases. Specific mixing
parameters are shown in STable 2 (Tables and figures starting with ‘S’
can be found in supplementary information). Hp (99.99 %) gas was from
BOC. O was introduced into the test via the use of dry compressed air
(21 % +/- 0.5% O3 in Ny, from BOC) for safety reasons. Ny cylinders
(99.998 %) were from BOC.

Humidity control within the chamber was done using a home-built
water bottle system (No. 06, Fig. 1). By regulating the flow of gas,
precise humidity levels were achieved (humidity ~ RH 85 %, as shown
in SFig. 2). A hygrometer (No. 16) located at the chamber’s outlet
allowed for real-time monitoring of the experimental humidity. An Oq
sensor was attached to the outlet to measure the Oy content in the
chamber (No. 17, Fig. 1). For safety considerations, all experimental
equipment was housed in a fume cupboard (No. 05, Fig. 1) to mitigate
risks associated with Hj leakage.

All experiments were conducted at a temperature of 60 °C, with a
total gas flow rate of 0.3 L/min. Experimental conditions are detailed in
Table 2. Tests labelled with ‘D-* and ‘W-* were tests conducted in dry
gases and in 85 % RH respectively. Most tests were conducted with a
stroke length of 0.8 mm and a frequency of 31 Hz, achieving an average
speed of approximately 0.05 m/s. The test duration was one hour, giving
a total sliding distance of 178 m. Some tests (see test labels with ‘-F’)
were conducted with a stroke length of 1 mm and a frequency of 50 Hz,
with a test duration set at 29 minutes. This gave an average speed of
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Fig. 1. Schematic diagram of experimental setup including 01: Flowmeter
(Alicat Scientific company), 02: steel gas pipe (Swagelok company), 03: Hy
cylinder (BOC gas company), 04: other gas cylinders (N,, Air, BOC gas com-
pany), 05: fume cupboard, 06: home-built liquid bottle (H;0), 07: Three-way
valve (Swagelok company), 08: HPR chamber, 09: HPR upper holder, 10:
PTFE ball, 11: 52100 steel disc/iron oxide disc, 12: HPR lower holder, 13: PID
temperature controller, 14: HPR heater, 15: weight, (08-15 constitute the HPR
from PCS instrument company),16: Hygrometer 17: O, sensor (FDO2, Pyros-
cience sensor technology company).

Name Hardness (Hv) Young’s modulus (GPa) Poisson’s ratio Roughness (Ra/pm)
PTFE 2.65 0.60 0.46 1.735

52100 steel discs 200 210 0.29 0.02

Iron Oxides 680 200 0.25 0.31
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Table 2
Experimental conditions and test naming in this work. Pressure is calculated with PTFE ball vs. steel disc.
Test name Load (N) / Initial Hertzian average pressure Average Sliding Speed (m/  Atmosphere O, Percentage (% Humidity
(MPa) s) VOL)

D-2N 2/19.43 0.05 H, 0 Dry
W-2N 2/19.43 0.05 H, / H,0 vapour 0 RH 85 %
Dry 4/24.48 0.05 H, 0 Dry

Wet 4/ 24.48 0.05 H; / H,0 vapour 0 RH 85 %
D—-2 N-F 2/19.43 0.10 H, 0 Dry
W-2 N-F 2/19.43 0.10 H, / H20 vapour 0 RH 85 %
D-F 4/ 24.48 0.10 Hy 0 Dry

W-F 4/ 24.48 0.10 H / H,0 vapour 0 RH 85 %
D—-2 % O, 4 /24.48 0.05 90 % Hy & 2% O & 8 % Ny 2 RH 85 %
W-2% O, 4/ 24.48 0.05 90 % Hy & 2 % O3 & 8 % N / Hy0 vapour 2 RH 85 %
D-5% O, 4/ 24.48 0.05 75 % Hy & 5% O5 & 20 % Ny 5 RH 85 %
W-5% O, 4/ 24.48 0.05 75 % Hy & 5 % O3 & 20 % N5 / HpO vapour 5 RH 85 %
D—-10% Oy 4/ 24.48 0.05 50 % Hy & 10 % O3 & 40 % Ny 10 RH 85 %
W-10 % O3 4/ 24.48 0.05 50 % Hy & 10 % O3 & 40 % N, / H,O 10 RH 85 %

vapour

D-Air 4 /24.48 0.05 21 % Oy & 78 % Ny 21 RH 85 %
W-Air 4/ 24.48 0.05 21 % Oz & 78 % N5 / Hp0 vapour 21 RH 85 %
W-Iron 4/ 24.48 0.05 H / H,0 vapour 0 RH 85 %
Oxide

D—10 % N, 4/ 24.48 0.05 90 % Hy & 10 % Ny 0 Dry
W—-10 % N 4/24.48 0.05 90 % Hy & 10 % Ny / H,0 vapour 0 RH 85 %
D—20 % N 4 /24.48 0.05 75 % Hy & 25 % Ny 0 Dry
W—-20 % N 4/ 24.48 0.05 75 % Hy & 25 % Ny / HoO vapour 0 RH 85 %
D—50 % N, 4/ 24.48 0.05 50 % Hy & 50 % Ny 0 Dry
W—-50 % N 4/ 24.48 0.05 50 % H; & 50 % N5 / HyO vapour 0 RH 85 %
D-N, 4 /24.48 0.05 Ny 0 Dry
W-N, 4/24.48 0.05 N, / H,0 vapour 0 RH 85 %

approximately 0.1 m/s and a total sliding distance of 174 m. According
to the calculations shown in STable 1 (in S02), when the load was 4 N,
the initial Hertzian contact diameter was about 0.46 mm. Due to wear,
the final contact diameter was about 1.60 mm (STable 1). Note that the
stroke length of the test was comparable to the Hertzian contact width.
Hence, the movement is in a fretting-like motion [28].

To investigate the evolution of worn surfaces during rubbing, some
tests were intermittently stopped to examine these surfaces ex-situ
before continuing the tests. COFs and the worn surfaces at the end of
tests with and without intermittent stops were similar, suggesting such a
process did not affect our results (see SFig. 14).

2.3. Surface analysis

Rubbed surfaces of balls and discs were observed using an optical
microscope (RH-2000 system, MXB-2500REZ Lenses, HiRox Europe).
White Light Interferometry (Bruker GT-K) was used to examine the
transfer film morphology. The microscope has a 5x objective lens.
LEXT® OLS5000 3D Laser Confocal Microscope, equipped with a
405 nm laser, and a 10x, a 20x and a 100x objectives were used to
observe the morphology of the worn PTFE ball surface. A circular region
with a diameter of 500 pm at the centre of the view field was selected,
and the R, value of the measured area was taken as the roughness of the
specimens.

Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelec-
tron Spectroscopy (XPS), and Raman spectroscopy were used to analyze
the chemical composition of rubbed metal disc surfaces. FTIR analysis
was conducted using a MultiScope FT-IR system (PerkinElmer), oper-
ating in reflectance mode. This system is equipped with a built-in
tungsten/halogen illuminator with a variable power of up to 35 W. It
utilizes a medium-band MCT detector with a signal-to-noise ratio,
typically better than 9000/1 peak-to-peak and 45,000/1 rms. The
measurements were taken through a 100 um diameter aperture with a
resolution of 4 cm™! over a spectral range of 200-2000 cm™!. Each
spectrum was collected over 20 scans.

X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Thermo NEXSA instrument. This system is equipped with a Mono

Al K-alpha X-ray source, which operates at an energy of 1486.69 eV and
a strength of 72 W. The spot size was set to 200 x 100 ym?2. Charge
compensation was achieved using Thermo Scientific’s dual-beam low-
energy electron/ion source (FG-03), with the ion gun operating at a
current of 150 pA and a voltage of 45 V. Measurements were conducted
under ultra-high vacuum conditions with a pressure below 1078 PSI. The
temperature during the analysis was maintained at 294 K. The survey
spectra pass energy was set at 150 eV, while the region-specific spectra
utilized pass energy of 40 eV. XPS high resolution spectra were cali-
brated by using C 1 s as a reference at 284.8 eV.

Raman spectroscopy was performed using a Raman alpha300 system
(WITec focus innovations company). The microscope has a
20 x objective lens and spectra were taken with an integration time of
0.5 s for 100 accumulations. The laser used has a wavelength of 532
+ 15 nm. The laser power was ca 3 mW, and the beam size was 2.4 pm.

3. Results
3.1. Effect of H20 in pure Hy

The effects of load and speed on friction coefficient (COF) of PTFE-
steel contacts in dry and wet Hy are shown in Fig. 2. Each test was
performed at least twice with good reproducibility, although results
from high speeds are slightly more varied. Note that the effects of
applied load and speed on COF are weak.

Although the applied load and sliding speed do not affect the COFs,
they influence the wear of PTFE. Fig. 3(a) shows the wear volume
calculated by measuring the size of the wear scar on the PTFE ball (see
calculations in $3-1 and S3-2 and diagram SFig. 3 of S03). As expected,
wear volume increases with the load. The final average contact pressure
is calculated based on the area of wear scar on the ball at the end of the
tests, and it increases with applied load, see Fig. 3(b) and (c). Notably,
this is much lower than the compressive yield strength of PTFE
(approximately 15 MPa) [29]. The inclusion of HyO in Hy reduces the
wear volume slightly, see Fig. 3(a). The morphology of the transfer film
on steel formed in dry Hy (test Dry) is heterogeneous and discontinuous,
consisting of ribbon-like streaks and layers (see SFig. 4). Its thickness
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Fig. 2. COF results obtained in dry H, (Dry) and humid H, (Wet) with a relative humidity of RH 85 %, loads of 2 N and 4 N and average sliding speeds of 0.05 m/s

(Slow) and 0.1 m/s (Fast).

ranges from O pm to 35 pm. With increased humidity (test Wet), the
morphology of the transfer film is similar to that in the dry condition,
with thickness ranging from 0 pm to 21 pm (see SFig. 5).

When speed increases from 0.05 m/s to 0.1 m/s, a slight increase in
wear volume is observed noticeably at high load (see Fig. 3(a)). Recall
the rubbing distance was fixed. At a higher speed, frictional heating may
affect the properties of the polymers, leading to more wear. Note that the
estimated maximum flash temperature occurs at the initial state under
4 Nand 0.1 m/s, is only 2.03 K (see calculation in $04), which is modest
compared to the experimental temperature of 60 °C. Additional analysis

has been conducted using the thermos-mechanical model developed in
[30] to take into account of the roughness of surface surfaces. Note the
applied model was for a line contact and so the estimate was done using
an average pressure similar to that used in our tests (which were point
contacts). The surface topography of the PTFE ball was one of the input
of the model. The maximum temperature at asperities was < 3 K which
is closed to the estimated flash temperature of the contact. This is
probably due to the low strength of PTFE, and hence its asperities were
ironed out quickly. This supports that frictional heating in our experi-
ments can be considered negligible, and unlikely to affect our results.
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rates are shown in SFig. 15. Average values of contact pressure in (b) dry and (c) wet conditions at the end of the friction experiments (details shown in STable 3).

As COF is insensitive to load and speed, while wear increases with
load and speed as expected, only results from low speed and high load
conditions, specifically 0.05 m/s and 4 N, are mainly used for the sub-
sequent discussions.

3.2. Effect of Ny and Oz in Hz

The effect of O in Hy was investigated in this work by the intro-
duction of dry air. Since the major component of air is N», the effect of
N> on the tribology of PTFE-steel contact in Hy was first examined. The
steady state COF in various concentrations of N5 in Hj is in Fig. 4. In a
dry Hy environment, introducing N decreases steady state COF (black in
Fig. 4(a)) and PTFE wear (see Fig. 5(a)), with the most significant drop
occurs at 10 % No.

The reduction in COF in H; by Ny dilution is less when O3 (in the
form of air, see Fig. 4(b)) or water (in the form of humid Hy, see Fig. 4
(a)) is introduced into the gas mixtures, as such the steady-state COF
becomes relatively insensitive to composition of the mixture. This shows
that a small amount of O and water governs the properties of the PTFE-
steel contact in Hp-air mixture.

In dry Hy, the reduction in PTFE wear by dilution is insensitive to the
composition of the gas mixture. In wet Hy more substantial PTFE wear
reduction is observed only if the gas mixture has 10 % or more Os. Ny
dilution in wet and dry Hy gives similar amount of PTFE wear. While
diluting wet Hj with air gives a similar COF to that in dry Hy (Fig. 4(b)),
PTFE wear is lowered in the former (Fig. 5). Previous literature indicated
that both O3 and H0 are essential for producing uniform, stable, and
wear-resistant PTFE tribofilms [31,32]. It may explain the reduced wear
with the inclusion of Oy in wet Hj. Together with the friction results,
however, this tribofilm may not give substantial friction reduction.

Worn surfaces of PTFE were observed using a confocal microscope
with 10 x and 100 x objectives. The unworn surface (shown in
SFig. 23) appears lumpy. After rubbing, the worn surfaces look streaky,
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as shown in SFig. 17 to SFig. 22. Similar worn PTFE ball surfaces were
observed regardless of test environment (H2, air, or O2-mixed H2) or
humidity. Distinct grooves on these surfaces may be due to abrasive
wear [33] from metal or oxide debris. Plastic deformations, such as
ironing of asperities and stretching of PTFE debris, may also contribute
to the observed worn surfaces.

3.3. Effect of Oz on tribofilm formation in wet Hy

Section 3.2 shows that the amount of PTFE wear in PTFE-steel
contacts is reduced in humid Hy only when 10 % O5 or more (in the
form of air) is introduced. In addition, a small amount of O is sufficient
to remove the benefit N5 dilution brings to PTFE friction reduction in dry
Hs. Clearly, oxygen plays a determining role in the air/Hy ambient. In
this section, the evolution of the transfer film in humid Hy (Wet) and
humid air (W-Air) is compared.

All friction curves (see Fig. 6) show the following features; COF in-
creases initially. It reaches a maximum, it drops and then stabilises at a
low value. In some cases, it rises slightly before it stabilises. The part of
the friction curve before COF stabilises is commonly attributed to the
running in process, which may be related to transfer film formation.
Steel wear tracks were observed intermittently during friction tests.
Micrographs of wear tracks formed in wet Hy (Fig. 6(a), Wet) show
lumps of polymer after 2 min of rubbing. These lumps form aggregates,
which cover part of the track. At the steady state, some ribbon-like films
can be seen under the aggregates. Conversely, in wet air (Fig. 6(b), W-
Air), the COF rises more slowly to the maximum before a relatively
gentle decline. Micrographs of its steel wear scar shows no significant
lump formation during the running-in process after 5 min of rubbing.
Ribbon-like films are observed at a steady state. They seem thinner than
those formed in wet Hy. The amount of PTFE wear, even during running-
in (SFig. 13), is lower in wet air than in wet hydrogen. This suggests that
the difference in transfer film formation process may explain reduced
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Fig. 4. The average COF value of the last 30 m in friction tests. COF curves are shown in SFig. 11 and SFig. 12.
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Fig. 6. The COF results and the morphology of the transfer film on the steel counterface after rubbing for 2, 5, 30, and 60 mins of (a) Wet hydrogen and (b) Wet Air.
Tests were conducted under the conditions of 4 N and 0.05 m/s.

PTFE wear in the presence of O in humid Hs. is the sole dilutant. Based on the results in Fig. 6, it is possible that

Friction curves obtained in humid Hj (85 % RH) with 0, 2, 5 % and increasing O, content results in less lumpy transfer films being produced
10 % O (i.e. 0, 10, 20 and 50 % air in wet Hy) and that in wet air are and hence reduces PTFE wear. This may affect the time it takes for COF
presented in Fig. 7(a). The running-in distance is defined as the rubbing to stabilise.
distance covered to reach the steady state COF, see arrows in Fig. 7(b)
(see also SFig. 8). It increases with increasing O, content in the test 4. Discussions
ambient (see Fig. 7(c)). Note that, as shown in Fig. 5(b), PTFE wear
volume reduces as Oz content increases. Interestingly the relationship

Our results show that the tribological performance of PTFE-steel
between running-in distance and %0 is not seen in dry Hy, nor when Na

contact under fretting conditions strongly depends on the gaseous
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environment. Comparing the performance in pure dry Hy and pure dry
No, only dry Ny gives both low friction and low wear. This is different
from what was observed in steel-steel contacts where pure Hy and pure
N, give similarly high friction, indicative of adhesive wear [34]. Note
that Hy reduces iron oxide but N3 does not. Thus the difference here may
stem from how PTFE reacts with iron oxide. Our results also show that
the existence of O3 and water impacts PTFE tribology in Hj significantly.
The effect of O2 and water may again stem from its influence of surface
oxide chemistry which has also been shown to affect friction and wear in
steel-steel contact [35].

In many studies on PTFE tribology, the friction and wear of PTFE are
governed by the formation of polymeric transfer layers on the counter-
face. Transfer films in this study are defined as polymeric materials
adhered to steel surfaces during rubbing tests. In this study, these
transfer films are categorized based on the absence or presence of tri-
bochemical reactions during film formation. The former is an adhered
film, while the latter is a tribofilm which usually contains Metal-F bonds
or metal carboxylate chelates. It has been proposed that the formation of
tribofilms, which is promoted by humidity [25], can significantly reduce
wear [36-38], While these studies were mostly conducted in humid air
(the main components are Oy and N3), these mechanisms may apply to
humid Hj. Surface chemical analysis were carried out to examine how
O, and water affect steel surface chemistry of wear scars formed in Hj.

4.1. Polymer transfer films formed in Hz

This section focuses on the chemistry of transfer films formed in Hj.
The FTIR spectrum of bulk PTFE (see in SFig. 6) contains peaks at
1149 cm ™! and 1205 cm™! which are assigned to the asymmetric and
symmetric stretching vibrations of the CFy [38,39], These peaks are
observed in the FTIR spectra of transfer films (Fig. 8) formed in both wet
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and dry Hs. This confirms that the main component of these transfer
films is bulk PTFE. Some of the PTFE chains of these transfer films are
conformationally distorted, as suggested by the peak at 1254 cm ™! [32,
39]. Since these spectra have no peaks at 1449 cm ™ and 1650 cm ™2,
there is no evidence of metal carboxylic chelates forming in an Hj
environment regardless of humidity (see Fig. 8) [38,40,41].

XPS spectra of transfer films formed in dry and wet Hy atmosphere
(test Dry and Wet) are presented in Fig. 9. The C-F bonds observed at
about 292.00 eV in C 1 s (Fig. 9(a) and STable 5) and 689.00 eVinF 1 s
spectra (Fig. 9(b) and STable 6) [42,43] confirms that the transfer films
are from PTFE [43]. Their C 1 s (shown in Fig. 9(a) and STable 5) and
the O 1 s spectra (shown in Fig. 9(c) and Stable 7) contain peaks from
C-0 (286.00eVinC1s,531.61 eVinO1s)and C=0 (288.50 eV in C
1s, 532.80 eV in O 1 s) moieties [26,42]. Since there are no peaks for
carboxylic groups on the FTIR spectrum (Fig. 8) and no peak on XPS O
1s in 535.65 eV [42,44], they are likely due to adventitious carbon
[26]. Note these peaks are also found in the spectra of pristine metal
discs in Hy or air (as shown in SFig. 7, STable 5 and STable 7).
Therefore, there is no evidence that a chelation reaction between car-
boxylates and metal has occurred in a dry (test Dry) or wet Hy (test Wet)
environment. No peak associated with Metal-F bonds, i.e. 685.00 eV
[42,43] in the F 1 s spectrum (Fig. 9(b) and STable 6) and 714.5 eV [45]
in the Fe 2p spectrum (Fig. 9(d) and STable 8), are found in both dry
(test Dry) and wet Hy (test Wet). This again supports that no tri-
bochemical reaction has taken place during rubbing in Hy and the main
component of the transfer film is PTFE.

In wet Hy (test Wet), the Fe 2p3,, Fe(IIl) peak appears at 711.10 eV,
which suggests the presence of iron hydroxide (Fe(IlI)-OOH) [46-48].
This is confirmed by the peak at 533.33 eV in the corresponding O 1 s
spectrum, as shown in Fig. 9(c) and STable 7. For the transfer film
formed in dry Hy (test Dry in Fig. 9(d) and STable 8) however, the Fe
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Fig. 8. The normalized FTIR spectra of the transfer films formed in Hy: test (a) Dry, and (b) Wet. Normalisation was done by setting the intensity of the peak at

1150 cm™! = 1.
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2ps3,2 Fe(III) peak is at 710.66 eV, which can be assigned to iron oxides
[49,50]. So, the presence of HyO favours formation of iron hydroxide on
rubbing metal surfaces. Despite the differences in surface oxides, similar
transfer films formed in dry and wet Hy, giving similar tribological
behaviour.

The tribochemical process of PTFE tribofilms formation on steel is
believed to involve Oy and H,0 reacting with PTFE molecular chains to
form carboxylic groups, which then interact with metals to form metal
chelates [32,40]. XPS O1s spectrum (Fig. 9(c), STable 7) of transfer film
generated in wet air (test W-Air) has a peak at 535.65 eV which can be
assigned to O-F bond [42,44]. This indicates the formation of carboxylic
acid and metal chelates [40]. Its F1s spectrum (see Fig. 9(b)) shows a
peak at 684.45 eV, indicating the formation of the Metal-F bond [51].
The peak of FeF3 at 714.3 eV on its Fe 2p spectrum is also observed (see
Fig. 9(d)) [45,49]. This confirms that in wet air, tribofilms containing
iron fluoride is formed [40]. This is not seen in a pure Hy environment.
Our results suggest that the existence of water alone in Hy is not suffi-
cient to promote tribochemical reactions between transfer film and
steel. This may explain the difference in film morphology and PTFE wear
in wet Hy and wet air (Fig. 6).

4.2. Polymer transfer films in a mixture of Hy and air

FTIR spectra of steel wear scars formed in humid air/Hy mixtures
(see Fig. 10) show a peak at 1449 cm™!. This is assigned to the chelation
between degraded PTFE and the steel counterface [40]. Note that the
intensity of the peak increases with increasing O content. Therefore, in
the wet Hy atmosphere, tribochemical reactions can occur as long as
some Oj exists. This tribofilm may explain why PTFE wear reduces with
O, content in Hy. The peak at 1550 cm ™ in the FTIR spectrum can be
assigned to C-O and C—=O0 bonds [52].

4.3. How H; affects the formation of PTFE transfer films on steel

The differences in tribological performance of PTFE-steel contacts in
air and in Hy may stem from the strength of Hj as a reductant. According
to the details of the XPS O 1 s spectra (STable 7), the atomic fraction of
the metal oxide on worn surface formed in Hy is always lower than that
formed in air. For pristine disc, it is 18.0 % in dry Hj vs. 27.1 % in dry
air. For rubbed surfaces, it is 45.5 % in wet Hy vs. 51.5 % in wet air.
While Fe(II) is dominant in the iron oxide layer of rubbed surfaces in wet
Hy (Fe(II): Fe(IlI) = 64.3 %: 35.7 %), Fe(Ill) dominates in wet Air (Fe
(I1): Fe(Il) = 43.7 %: 56.3 %, see STable 8). Hui et. al. has shown that
the formation energy of FeF3 and FeF; are —938 kJ/mol and —642 kJ/
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mol respectively [53], making the formation of FeFy less favourable.
Hence our results support that Hy inhibits tribological reaction by
reducing the valence state of iron. The tribological results of PTFE
against iron oxide discs, primarily composed of Fe;Os; (shown in
SFig. 9), confirm this view, showing significantly reduced wear (Fig. 5
(b)) and increased run-in distance (Fig. 7(c)) in humid H.

Compared to FeyOs, the reaction between Fe(OH);3 and F yields an
even more negative overall Gibbs free energy [54-56]. Therefore, the
presence of Hy0 and O, in a Hy-rich environment can lower the for-
mation energy of Fe-F bonds, thereby promoting the tribochemical re-
action, as hypothesized in Eqgs. 3.1 to 3.3. First, iron in the steel disc
reacts with environmental O; to form a layer of Fe20s on its surface. In a
humid environment, HoO reacts with this oxide layer to produce the
relatively reactive Fe(OH)s. Finally, Fe(OH)s reacts with individual F
atoms or fluorine-containing dangling chains generated by mechanical
shearing of PTFE during the friction process, resulting in the formation
of Fe-F bonds. The reducing nature of Hy inhibits the process shown in
Eq. 3.1, preventing the formation of FezOs and instead forming FeO. In a
dry environment, the absence of H-0 prevents the reaction shown in Eq.
3.2 from occurring. Therefore, the presence of Hy and the lack of H20
suppresses the reaction of 3.1 and 3.2, thus increasing the energy bar-
riers of the Metal-F bond formation.

4Fe + 30,—2Fe;05 (3.1)
Fe,0s5 + 3H,0—2Fe(OH), (3.2)
Fe(OH), + 3F —FeF; + 30H" (3.3)

From Eq. 3.1, the existence of O, is necessary for the promotion of
PTFE tribofilm formation. Fig. 11 compares the XPS spectra of wear
scars formed in wet air (W-Air-2 min) and wet Hy (Wet-2 min) after
2 mins of rubbing. The XPS C 1 s spectrum of Wet-2 min is dominated by
the C-F peak, with an atomic ratio of 65.60 % (see in STable 5). In
contrast, for W-Air-2 min, the atomic ratio of C-F is only 21.84 %. These

results align with the large lumps observed in Fig. 6. Even with only two
minutes of rubbing, Wet-2 min has more Fe(II) (atomic ratios of Fe(I): Fe
(III) = 61.7 %: 38.3 %), while for W-Air-2 min, Fe(III) dominates (Fe(II):
Fe(III) = 39.9 %: 60.1 %, see STable 8). This confirms that the reduction
of iron ions in Hj occurs at early stage of rubbing. Most importantly,
only for W-Air-2 min, peaks of Metal-F bond and FeF3 compound peaks
were identified at positions 684.90 eV [42,43] and 714.50 eV [45] in its
F 1 s and Fe 2p spectra respectively (Figs. 11(b) and 11(d), and STable 6
and STable 8), indicating the presence of tribochemical reactions during
the running-in process. However, the O-F peak (at about 535.65 eV in
the Ols spectrum) was not observed in the O 1 s spectrum [42,44],
suggesting that chelates have not been formed at this stage. Therefore,
we can conclude that the tribochemical reactions during the running-in
process are dominated by the formation of the Metal-F bonds, while the
steady-state rubbing sees the formation of chelates. The Metal-F bonds
during running-in process improves interfacial adhesion between PTFE
and steel. This is crucial for minimizing back transfer and debris for-
mation and is necessary for tribofilm film formation and reducing wear
[57,58]. This is evidenced by the smaller slope of wear volume change
during the initial stage of the W-Air test, as shown in SFig. 13(a). The
formation of metal carboxylates enhances the mechanical properties and
exfoliation of PTFE, further promote the formation of a transfer film
[59]. This makes the film more stable, thinner and uniform, resulting in
improved wear suppression [59,60]. As shown in SFig. 13(a), the
decrease of wear rate is evident i. No evidence of metal-F or Fe-F bonds is
observed in XPS spectra in humid Hj, showing that water alone is not
sufficient to promote PTFE tribofilm formation in Hy gas.

4.4. How N> affects the transfer film formation

Based on the tribological results, Hy diluted with N3 can reduce the
COF and wear under dry conditions, but this dilution effect disappears
when water is present (Fig. 4 and Fig. 5). According to the FTIR results in
Fig. 12(b) and (c), carboxylate chelates do not form in either dry or wet
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pure Ny environments, as no relevant peaks can be observed at
1449 cm™ [38,40,41]. Therefore, the diluting effect of N2 in dry H, may
simply be due to decreasing Hy concentration, thereby weakening the
reducing ability of the ambient. Additionally, unlike wet air (Fig. 10(d)),
as shown in Fig. 12(a), no tribochemical reactions occur in dry air (Oq,
21 %), indicating that water is necessary for the formation of carbox-
ylate chelates. Therefore, Ny does not participate in the tribochemical
reaction; the factors influencing tribochemical reactions are water and
Oa.

5. Conclusion
This study investigated the tribological performance and tri-

bochemical mechanisms of neat PTFE in fretting conditions, under
varying humidity levels and O concentrations in Hy-rich environments.

10

It aimed to elucidate the tribological behavior of pure PTFE-steel con-
tacts in these conditions, thereby providing guidance for the design of a
new generation of self-lubricating polymers.

Our findings reveal that: (1) Hy ambient contributes to increased
PTFE wear in PTFE-steel contacts; (2) no tribochemical reaction be-
tween PTFE and steel occurs in pure Hy regardless of humidity levels; (3)
XPS and FTIR results support that tribochemical reactions between PTFE
and steel occur in Hy gas in the presence of moisture and Og; (4) the
strong reducing nature of H, reduces the amount of surface metal oxides
and converts trivalent iron (Fe(IIl)) to divalent iron (Fe(II)), inhibiting
the formation of Fe-F bonds thus preventing tribochemical reactions; (5)
a reactive Fe(OH)s layer forms on steel surfaces in the presence of HoO
and O,, promoting Fe-F bond formation; (6) Metal-F bonds form at the
initial stage of rubbing, while metal carboxylate chelates develop later,
playing a key role in wear reduction.
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Our study contributes to a deeper understanding of tribological
performance of PTFE-steel contacts under fretting conditions in Hy en-
vironments, which is relevant to applications such as PTFE compressor
seal rings. Additionally, by studying behaviour of pure PTFE, we gained
insights into the requirements of the next generation of self-lubricating
polymer alternatives for Hy applications. Such materials should be
exfoliative, forming a protective polymer film on the counter surface,
and should contain elements that easily bond with metal ions to promote
tribochemical reactions and reduce wear.

In conclusion, this research enhances our understanding of the
tribology of PTFE in Hy environments through detailed chemical char-
acterization and informs the development of alternate polymers suitable
for Hy compressor applications.
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