
LICENTIATE  T H E S I S

Pontus Johansson    T
ribology of C

arbon Fiber R
einforced PT

FE
 C

om
posites in T

race M
oisture E

nvironm
ent 

Tribology of Carbon Fiber  
Reinforced PTFE Composites  
in Trace Moisture Environment

Pontus Johansson

Machine Elements



Tribology of Carbon Fiber Reinforced PTFE
Composites in Trace Moisture Environment

Pontus Johansson

Luleå University of Technology
Department of Engineering Sciences and Mathematics

Division of Machine Elements



Tribology of Carbon Fiber Reinforced PTFE
Composites in Trace Moisture Environment

Copyright © Pontus Johansson (2022). This document is freely
available at

www.ltu.se

or by contacting Pontus Johansson,

pontus.johansson@ltu.se

This document may be freely distributed in its original form
including the current author’s name. None of the content may
be changed or excluded without permissions from the author.

Printed by Lenanders Grafiska AB 2022

ISSN: 1402-1757
ISBN: 978-91-7790-989-7 (print)
ISBN: 978-91-7790-990-3 (pdf)

Luleå 2022

www.ltu.se

This document was typeset in LATEX2ε



Preface
The work presented in this thesis has been conducted as a part
of ongoing PhD studies at Luleå University of Technology at
the Division of Machine Elements. The work as a PhD stu-
dent is tough throughout and from time to time very exhaust-
ing. However, the excitement and emotional reward obtained
from understanding unknown matter and contributing to new
knowledge make it all worthwhile.

I would like to express my deepest gratitude to my main
supervisor Professor Pär Marklund for always keeping me on
track and helping me find new paths when reaching dead ends.
Massive thanks also go to my supervisors Associate Professor
Marcus Björling for his support and encouragement through-
out the project and Professor Yijun Shi that with his expertise
in the field has provided valuable insights and discussions.

Moreover, I would like to thank all my co-workers and friends
at the Division of Machine Elements for contributing to an
interesting and creative working environment. Special thanks
go to my office neighbor Dr. Erik Nyberg and former colleague
Dr. Jonny Hansen for putting up with all my questions and
their engagement in countless discussions, day as night. I also
would like to thank colleague Kalle Kalliorinne for his help
with thermodynamic simulations.

My gratitude also goes to our industrial partner Azelio for
the valuable discussions related to industrial applications and
for providing material to the studies. Finally, I would like to
thank the Swedish Energy Agency for the financial support of
the project.

iii



iv



Abstract
Carbon fiber reinforced PTFE (CF/PTFE) composites are
known to perform well in tribological applications with en-
vironments containing trace amounts of water, referred to as
trace moisture. Two possible trace moisture applications for
CF/PTFE composites are dynamic seals and piston rings in
hydrogen gas compressors and Stirling engines, which both put
high demands on the tribological performance of the sealing
material. The two mentioned applications both typically op-
erate with dry hydrogen, high sliding speeds and elevated tem-
peratures. However, the environmental conditions are slightly
different, where the hydrogen moisture content in the gas com-
pressor is typically restricted to less than five ppm and the
moisture content in the hydrogen in a Stirling engine drifts
during operation between a few ppm to several hundred ppm.

It is evident from literature that the tribological behavior
of polymer composites strongly depends on the environment,
where humidity plays a significant role. However, the amount
of research of the tribological behavior of polymer composites
in dry gas, and especially in trace moisture, are very limited.
Additionally, several of the few published studies are conducted
without sufficient systems to accurately monitor and control
the humidity level throughout testing.

To be able to study CF/PTFE composites in a trace mois-
ture environment, a humidity controlling system was developed
to enable continuous monitoring and precise control of the hu-
midity at trace moisture levels. The climate controller was
validated in a tri-pin-on-disc tribometer, also developed within
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the project, with excellent performance. Due to its portability
and flexible design, it can be moved and fitted to most climate
chambers. With controlled humidity, studies were conducted
to investigate the influence of trace moisture content and coun-
terface material, as well as the effect of roughness and hardness
of the counterface, on the tribological behavior of CF/PTFE
composites.

The results confirmed the excellent tribological performance
of CF/PTFE composites in trace moisture environments, which
could be explained by sliding induced transformation of the
polymer composite surface and the formations of tribofilms
on both the counterface and the worn surface of the polymer
composite. Moreover, the results indicated that the tribolog-
ical performance of carbon fiber reinforced PTFE composites
are sensitive to changes in moisture content at trace moisture
levels. The impact of moisture content on both the coeffi-
cient of friction and specific wear rate was up to about 40%
for the tested range, 11-72 ppm. Furthermore, the effect of
trace moisture varied for different countersurface materials and
CF/PTFE composites.

The counterface roughness showed a positive correlation with
both the steady-state wear rate and running-in wear, and sig-
nificantly affected the transfer film formation behavior. Con-
trarily, a negative correlation between hardness and running-
in wear was observed and no apparent effect of hardness was
found on the steady-state wear rate.
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Nomenclature

h Separation distance

Al2O3 Aluminum oxide

CF Carbon fiber

EDS Electron dispersive spectroscopy

FCEV Fuel cell vehicles

HDPE High-density polyethylene

HM, Type I High-modulus carbon fiber

HS, Type II High-strength carbon fiber

HV Vickers hardness

MoS2 Molybdenum disulfide

PA Polyamide

PAI Polyamide-imide

PAN Polyacrylonitrile

PBI Polybenzimidazole

PE Polyethylene

PEEK Polyetheretherketone

PI Polyimide

ppmV Parts per million by volume

PPS Polyphenylene sulfide
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PTFE Polytetrafluoroethylene

SEM Scanning electron microscopy

SiC Silicon carbide

SWLI Scanning white light interferometry

TiO2 Titanium dioxide

UHMWPE Ultra high molecular weight polyethylene
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Chapter 1

Introduction to tribology of
polymeric materials

Polymers are vital constituents in our everyday life and are
everywhere around us. The widespread use of polymers can
be attributed to their diversity, low density and relatively low
material and production cost. Some advantages that poly-
mers may provide are high chemical and corrosion resistance,
electrical insulation, transparency, low friction properties and
easy processing of end-products. Furthermore, polymers can
be easily compounded with additives, such as reinforcements
or chemicals to improve certain properties of the material [1,2].
Some typical applications of polymers are:

• Electrical insulators and circuit boards

• Cooking ware, such as bowls, utilities and non-stick coat-
ings on frying pans

• Food packaging

• Casings to electronic devices

• Automotive body components and interior components

• Bearings and seals, found in everything from electric screw
drivers to hydro power turbines

1
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This thesis will focus on polymers and polymer composites
used as tribological materials, where bearings, seals and non-
stick coatings are typical elements in tribological applications.
Tribology is the interdisciplinary research subject first coined
by Peter Jost in the famous ’Jost Report’ from 1966 [3], and
is the study of friction, wear and lubrication of interacting
surfaces in relative motion.

1.1 Polymer basics

There are three main categories regarding the origin of poly-
mers; natural polymers from plants and animals, such as cot-
ton and silk, half-synthetic polymers which origin from na-
ture but have undergone chemical modifications, and fully-
synthetic polymers which have been synthesized from either
coal, petroleum or natural gas [4].

Polymers consists of long molecule chains, so called macro-
molecules, where the atoms in the macromolecules are strongly
bonded to each other [5]. In thermoplastics, the molecule
chains are linked together with weaker intermolecular forces.
This enables movement between chain segments for relatively
low external forces, resulting in low stiffness. Thermosets are
generally more brittle, where molecule chains are permanently
cross-linked during the curing process, which permits the ma-
terial to melt or lose its shape upon high temperature expo-
sure [4, 6]. The thermoplastic polymer group includes PTFE
and will be the main focus in this thesis. Thermoplastics are
commonly arranged by manufacturers according to their phys-
ical properties and performance in engineering applications,
Figure 1.1. The semi-crystalline thermoplastics in the top of
the pyramid have high temperature stability and are among
the most frequently used polymers in demanding tribological
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Figure 1.1. Arranged thermoplastics according to their physical properties and performance in
engineering applications. Inspired by [10].

applications [6–9].

1.2 Fundamental tribology of polymers

The tribology of polymeric materials are vastly different from
metal-metal or metal-ceramic contact and varies tremendously
depending on on the polymer and fillers in the polymeric mate-
rial [7]. With countless amount of possible polymer blends and
various fillers in both micro and nano-scale, polymeric materi-
als can be tailored to specific applications, operating conditions
and sliding environments.

1.2.1 Friction

Friction is a complex phenomenon resulting from different in-
teracting processes between sliding bodies. It is generally ac-
cepted that friction is mainly an effect of adhesion and defor-
mation [5, 11].

The interfacial forces that gives rise to adhesion act between
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Figure 1.2. Typical interfacial bonds between polymer and counterface giving rise to adhesion.
Inspired by [16].

a polymer and a solid, of both repulsive and attractive nature.
At some separation h0 these forces reaches an equilibrium [12],
where 2-5 Å is typical for polymers [13]. This implies that the
more intimate contact between the surfaces, the stronger the
adhesion [14]. Several factors promotes close contact, including
smooth and clean surfaces, high pressure, and temperature [5].
In a polymer-solid contact, the interfacial forces are considered
to mainly constitute of van der Waals and electrostatic forces,
but also chemical bonds that are generally much stronger [13,
15, 16]. See schematic illustration of the different interfacial
forces in Figure 1.2. The adhesion forces are forming junctions
in the real contact spots where the shear strength of these
junctions are related to the adhesion component of friction [5].

The fraction of friction that origin from deformation, is an
outcome of the polymer’s resistance to ploughing from asper-
ities of the harder counterface. When a polymeric material
slides against a hard and rough counter surface, the surface of
the polymer is ploughed by the hard asperities of its counter
part. Due to elastic hysteresis, energy is dissipated as heat in
the material. For smooth counterfaces the amount of plough-
ing of a sliding polymer is largely restricted and adhesion pre-
vails [11, 12].
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1.2.2 Wear

The wear of polymers can be classified using several different
approaches, where a phenomenological approach is to cate-
gorize wear processes by their origins [17]. In this section,
wear processes originating from adhesion, abrasion and fatigue
are described. However, other types of wear may also be of
importance, such as chemical wear, erosion and delamination
wear [17–19].

Adhesive and transfer wear

When the adhesion force in the junctions between the polymer
and counterface becomes greater than the cohesive strength of
the polymer, adhesive wear occurs and part of the polymer
surface transfers to the counterface, where repeated sliding
may result in a transfer film on the counterface if the adher-
ent strength of transferred layers are sufficiently strong [12,18].
This is the case for several semi-crystalline polymers, such as
PTFE, different types of polyethylene (PE), polyetherether-
ketone (PEEK), polyamide (PA) and polyimide (PI), where
the amount, distribution and molecular structure of the trans-
ferred material depends e.g. on the operating conditions, en-
vironment and the material pair in friction [20–25].

For PTFE, two types of transfer occurs depending on the
sliding velocity and temperature. A thin and strongly attached
transfer film is formed at low sliding velocities and moderate
temperatures, which is accompanied by low friction µ < 0.1.
At higher speeds or low temperatures, higher friction prevails
and a more severe type of material transfer occur [20, 26, 27].
High-density polyethylene (HDPE) have similar transfer be-
havior and the low friction of these materials have been ex-
plained by their smooth molecular profiles [27]. Moreover, a
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similar difference have been observed for PI, where low envi-
ronmental moisture or high temperature promoted a thin and
drawn out transfer film, resulting in low friction and wear.
For lower temperature and higher humidity, the transfer film
is lumpy and friction and wear are significantly higher [23].
Generally, low wear in dry sliding of polymeric materials are
attributed to the formation of a thin and coherent transfer
film strongly bonded to the counterface [28] and with suffi-
cient cohesion strength [29], which protects the polymer from
direct interaction with the metal and prevents continuous tear-
ing and regeneration of the transfer film [11,30]. Furthermore,
if the intermolecular forces in the sliding interface between the
formed transfer film and polymer surface are lower than the
shear strength of the polymer, further transfer is inhibited and
wear is reduced [27].

Several researchers have attempted to find quantitative met-
rics to assess the performance of transfer films [31–34]. Burris
and Sawyer [32] found that the wear rate was approximately
proportional to the cube of the transfer film thickness for tested
PTFE composite, where similar behavior have been observed
by others [31]. Haidar et al. [31] studied the wear of several
polymers and polymer composites and used image process-
ing to analyze the transfer films. Their study showed that the
area fraction of the transfer film and, most of all, the free-space
length were strongly related to transfer film quality. Here, free-
space describes the part of the counterface where there is no
transfer and the free-space length is the average length of the
regions of free-space, see Figure 1.3. Higher area fraction and
shorter free-space length were connected to lower wear rates.
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Figure 1.3. Processed image of a transfer film partially covering a counterface. The square
represents the average area between segments of transfer film, where the length of its sides
represents the free-space length (not to scale). Inspired by [31].

Abrasive and surface fatigue wear

Abrasive wear can be displayed as plastic grooving in the poly-
mer surface and as chip-like debris as a result from microcut-
ting. The rate and character of the abrasive wear have been
proven to depend on the nature of penetrating asperities and
interfacial shear strength. For three-body abrasion, hard par-
ticles gets embedded in the softer polymer surface and acts
abrasive against the counter face [5].

Surface fatigue is induced by repeated tribological load-
ing, on or below the surface [19]. The result of the repeated
stress is the initiation and propagation of cracks, originating
at the location where the shear stress is highest [12]. Imperfec-
tions, such as scratches and cavities, in surface and sub-surface
regions respectively, leads to stress concentrations which can
accelerate the initiation and propagation of fatigue cracks.
Cracks will continue spreading under repeated loading un-
til chunks of wear debris are detached from the friction sur-
face [12,35].

In sliding, the proportion of surface fatigue wear increases
with decreasing elastic modulus and roughness of the coun-
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terface. Oppositely, the proportion of abrasive wear increases
with elastic modulus and roughness [15]. This indicates that
thermoplastics sliding against a smooth counterface may be
subsceptible to significant amount of fatigue wear compared
to abrasive wear [36]. Moreover, since surface fatigue wear
is a function of number of stress cycles, the proportion of fa-
tigue wear should increase with reduced wear rates. However,
in practice it can be difficult to distinguish between different
wear mechanisms. Abrasive wear may occur due to localized
fatigue, fatigue and abrasion may be affected by thermal or
oxidative degradation of the polymer in the surface and sub-
surface, and fatigue may be affected by adhesion in localized
contacts due to stress distribution changes [11].

1.3 Effect of fillers

The tribological performance of unfilled polymers are often lim-
ited. Polymers with high wear resistance, such as PEEK, poly-
benzimidazole (PBI), polyphenylene sulfide (PPS) and polyamide-
imide (PAI) usually has relatively high friction [37–39] and low
friction polymers, such as PTFE and HDPE, have too high
wear rates at practical sliding velocities [11,39–44]. To reduce
friction and wear, fillers are added. Fillers are available in
an abundance of different materials, sizes and shapes, where
some typical fillers are: reinforcing fibers of glass or carbon;
micro-scale fillers of metals, inorganic compounds and poly-
mers; solid lubricants, such as graphite, PTFE and molyb-
denum disulfide (MoS2); nano-scale fillers of inorganic com-
pounds [24,40,45–52].

Which fillers to add to achieve low friction and wear de-
pends largely on the operating environment of the tribosys-
tem, see section 1.5, and the polymer matrix. For hard and
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wear resistant polymers, solid lubricants are effective in reduc-
ing both friction and wear [39]. For polymers that already has
low friction properties such as, PTFE, a reinforcing filler is of
major importance to reduce the wear [25, 39]. It is, however,
common to add several types of fillers in a polymer composite
to further improve the tribological performance [53–56].

The wear reducing mechanisms of fillers in high-performing
PTFE composite systems can be explained similarly to the
mechanisms behind the low friction and ultra-low wear in lubri-
cated metal-metal contacts. According to a review by Matthias
Scherge [57], the low friction and ultra-low wear in lubricated
metal-metal contacts can be explained by the third body form-
ing on and below the mating surfaces for favourable running-in
conditions and material combinations [58,59]. The third body
is formed by mechano-chemical reactions between the sliding
surfaces and the lubricant, where the size of the grains are
gradually decreasing close to the contact and elements from
the lubricant and environment are incorporated in the near-
surface by mechanical intermixing and plastic flow. The third
body, as illustrated in Figure 1.4, consists of two regions of
nano-crystalline layers with different grain sizes and drasti-
cally different mechanical properties. The lower region, that
is connected to the bulk material, has an increased hardness
compared to the bulk, and the upper region, which is closest
to the surface, have a low shear strength [57].

For high-performing PTFE composites, the concentration
of filler particles or fibers increase in the near-surface region of
the polymer composite during running-in and the size of fillers
may decrease [56,61–63]. This could increase the near-surface
hardness of the PTFE composite [64] and prevent large-scale
transfer of the PTFE [45,46,63]. The filler-rich tribofilm form-
ing on the PTFE composite helps to remove oxide layers and
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Figure 1.4. Schematic illustration of nano-crystalline layers formed in favourable lubricated
metal-metal contact [60], licensed under CC BY 4.0.

contaminants from the counterface [65, 66], reduce the wear
rate, decrease the debris size and increase the degradation of
wear particles [53], which promotes tribochemical reactions in
the sliding interface [67, 68] and the formation of a strongly
adhered transfer film [11, 40, 55, 66, 69–72]. The tribochemi-
cal reactions may also reinforce the tribofilm on the polymer
composite surface [62]. Literature indicate that the mechani-
cal and chemical properties of both the tribofilms varies with
the film depth and that weaker tribolayers of degraded wear
particles may be present on top of the strongly adhered lay-
ers [40, 55, 73], which is similar to the tribolayers shown in
Figure 1.4. This provides lubrication to the sliding interface
and as result, a low coefficient of friction. For certain PTFE
composite systems, similar weak layers have been observed in
the tribofilm on the composite surface, which further reduce
the coefficient of friction [40,51,74].

In tribology, mainly two type of carbon fibers are used,
High-Modulus (HM) and High-Strength (HS). In literature
these are usually called Type I and Type II, respectively [75–
78]. Type I fibers are heat treated at temperatures above
2000°C, which makes them highly graphitized, and Type II
fibers are heat treated at temperatures between 1500-2000°C,
which makes them mostly non-graphitic [78]. Carbon fibers
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can be produced from different precursors, where the two most
common are Polyacrylonitrile (PAN) and pitch. Pitch consists
of different hydrocarbons with high viscosity and high carbon
concentration. The market for PAN-based fibers are larger due
to the more complex manufacturing steps of the pitch-based
fibers. However, pitch-based fibers can achieve higher degree
of graphitization than PAN-based fibers, resulting in higher
modulus and thermal conductivity [78].

Which type of fiber providing the best tribological perfor-
mance of polymer composites are not conclusive and details
regarding the tested fibers are often insufficient in literature.
An early study by Lancaster in 1972 [75], suggests that Type
II fibers provides the best wear reduction of PTFE in ambient
air, regardless of the counterface material. Interestingly, Sawae
et al. [40] observed higher friction and wear of a PTFE compos-
ite filled with PAN-based carbon fibers compared to 2.5 times
harder pitch carbon fibers when sliding against a hard tung-
sten carbide (WC) counterface in air atmosphere. Against a
softer cast iron counterface, the friction and wear were similar
for both types of carbon fiber reinforced PTFE. The hardness
difference could indicate that the pitch-based fiber was a Type
I fiber and the PAN-based fiber a Type II [78,79], it is however
not certain. Flöck et al. [80] studied the friction and wear of
PEEK composites reinforced with pitch and PAN-based car-
bon fibers in air at different operating conditions, where PAN-
based fibers outperformed pitch-based at higher contact pres-
sures. A comparison of the PEEK composites micro hardness,
indicated that the PAN-based had higher hardness. Moreover,
the pitch fibers had a larger diameter, around 20 µm compared
to the PAN fibers, which were around 7 µm, similarly to the
fibers used by Sawae et al. [40].
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1.4 Effect of counterface

In tribological applications with polymeric materials, the coun-
terface topography play a significant role in optimizing the tri-
bological performance. Generally, the roughness of the harder
counterpart determines the wear mode of the polymeric ma-
terial, where adhesive wear dominates for a smooth counter-
face and abrasive wear for a rough counterface [81, 82]. As
already described, the adhesion increases with decreasing sep-
aration distance h. Therefore, smoother surfaces results in
stronger adhesion [14] and generally a better attached transfer
film [81]. Therefore, the wear rate of polymeric materials typ-
ically decrease with smoother counterfaces [75, 83–85]. How-
ever, several studies indicate that there exists a limit where
further roughness reduction instead increases the wear rate
[28, 32, 86–93]. If and where this limit exists, seems to be
affected by several parameters including the film formation
properties of the polymeric material, abrasiveness of the fillers,
hardness of the counterface and the environment. If e.g., a
polymer composite with abrasive fillers are sliding against a
mirror-polished surface with relatively low hardness, abrasion
of the counterface would significantly change the surface to-
pography by inducing grooves parallel to the sliding direction,
which seems to give higher wear for some polymer material
compared to other surface orientations [47, 84, 90, 94]. Con-
trarily, Ye et al. [95] found that the steady-state wear rate of
an aluminum oxide (Al2O3) filled PTFE was independent of
the surface roughness for the tested range. However, a strong
correlation between the transient wear rate during running-
in and surface roughness was observed. Negative skewness
and decreased peak height both reduced the transient wear
rate significantly. Similar findings have been reported by oth-



1.5. The environment´s role on material selection 13

ers, where smoother counterfaces markedly decrease run-in
wear [18,83,96].

The coefficient of friction are often reported to be oppo-
sitely affected by surface roughness compared to wear, where
rougher surfaces gives lower friction [18,85,97, 98].

1.5 The environment´s role on material selection

To achieve desirable friction and wear behavior in tribologi-
cal application, the matrix and fillers of a polymer composite
must be carefully selected with regards to the intended operat-
ing conditions and environment. Polymer composites perform
differently depending on the sliding environment, where some
materials, such as PTFE/Al2O3 composites, performs best in
humid environment [68, 99, 100]. Other materials, e.g. carbon
fiber reinforced PTFE and PEEK, needs dry gas environments
to achieve low friction and wear [40,101]. The effect of the en-
vironment on the tribological properties of polymeric materials
is complex and could vary for each polymer and filler material.
Interestingly, the environmental dependency of filler materials
can change once added to a polymer. One such example is
graphite, where the presence of water vapour inhibits transi-
tion to the severe wear regime, which for graphite is known as
dusting [102, 103]. Inversely, when incorporated in a polymer
matrix, certain graphites may decrease wear in dry gas and
vacuum compared to ambient air [48,104]. The environmental
effect on the tribological performance of polymers, filler mate-
rials and polymer composites and the reason behind it are not
yet fully understood. However, for materials which have shown
high sensitivity to environmental changes, tribochemistry may
hold the answer [40, 68,103,105].

Typical environments for tribological applications of poly-
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mer composites can be categorized into four groups: vacuum,
dry gas, ambient air and aqueous. For each group, suitable
polymeric materials and possible applications are discussed in
the following sub-sections.

1.5.1 Ambient air

In ambient air, polymers and polymer composites are used in
all sorts of tribological applications. General tribological com-
ponents which requires low wear and low friction are bearings,
gears, slide pads and rollers [106].

Al2O3 particles is a filler material that has been researched
extensively the last two decades due to its ability to lower the
wear rate of PTFE with several orders of magnitude at low
filler loading [32, 62, 64, 66, 69, 99, 100, 107–109]. Some of the
features possibly connected to the wear reduction are:

• Hardness of the sliding surface increases during running-
in of alumina filled PTFE, while unfilled PTFE remains
unchanged [64].

• Alumina particles accumulate in the sliding surface of the
PTFE composite, preventing PTFE from transferring to
the counterface [62].

• Wear debris are smaller and the transfer film thinner for
PTFE/Al2O3 compared to unfilled PTFE [32].

• Carboxylic acid end groups are formed extensively in the
PTFE when sliding in humid environment. These are sug-
gested to 1) anchor the transfer film to the metallic coun-
terface [100] and 2) provide crosslinks between PTFE and
alumina fragments in both the transfer film and polymer
composite tribofilm [62].
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Other fillers, such as silicon nitride [110], activated carbon
particles [111], PEEK [51,70] and PAI [112] have shown similar
wear reduction of PTFE as alumina particles. Short carbon
fiber reinforced PEEK composites have also shown high wear
resistance in ambient air, with moderately low friction coef-
ficient [113, 114]. Further wear and friction reduction of the
PEEK/CF composite have shown to be achieved with the in-
clusion of graphite and PTFE [56].

1.5.2 Dry gas

PTFE based composites have been used extensively in dry
gaseous environments with good performance, where typical
applications are piston rings, bearings and dynamic seals in
hydrogen gas compressors, fuel cell vehicles (FCEV) and Stir-
ling engines [115–118]. PEEK has also shown promising tribo-
logical behavior in dry atmosphere. McCook et al. conducted
tribotests in dry nitrogen where a significant reduction in both
coefficient of friction and wear were noted for unfilled PEEK
and most of the tested PEEK composites compared to tests
in ambient air [104]. Other literature confirms the favourable
tribological behavior of PEEK composites in dry gas [48,101].
However, cited papers did not observe any friction reduction
for unfilled PEEK as opposed to the study by McCook et al..
Effective fillers reported in literature for PTFE and PEEK in
dry gas includes MoS2, titanium oxide (TiO2), graphites and
short carbon fibers [40, 48, 74, 101, 104, 119, 120]. Moreover,
Haidar et al. have showed that combining the two polymers to
a PTFE/PEEK (80/20%) composite can give very low wear
rates [70].

The amount of literature on the tribology of polymer com-
posites in dry gas is extremely limited compared to studies in
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ambient air. However, in an attempt to find the most promis-
ing polymers and fillers for dry gas applications, wear rates
from several different studies were summarized, see Figure 1.5.
Even though the test conditions vary significantly, it is clear
that composites containing PTFE and short carbon fibers or
other carbon based fillers have superior wear rates. Further-
more, in the study by Sawae et al. [40] the PAN-based car-
bon fibers outperformed the higher-modulus pitch-based car-
bon fibers. Therefore, it is possible that High-Strength fibers
are better suited for dry gas applications than High-Modulus
fibers. Oyamada et al. [101] proposed that the major tribolog-
ical improvement for the PEEK-CF in dry nitrogen compared
to humid air was due to the structure and intensification of car-
bon in the tribofilm created on the worn surface of the PEEK-
CF blocks. Through surface analysis, fine wear particles of
carbon were observed in the tribofilm with graphite-like struc-
ture. This phenomena is also observed by other researchers
for carbon containing materials under friction in dry nitro-
gen [121, 122]. Graphite, both unfilled and in PEEK compos-
ites, has proven to achieve a reduced coefficient of friction when
sliding in inert gases compared to humid air [48,104,123], which
further strengthens the assumption of Oyamada et al. [101]
that the graphite-like structure, formed and dispersed on the
sliding surface of the PEEK-CF blocks, induce friction reduc-
tion. Similarly, carbon rich tribofilms on the worn surface of
PTFE/CF composites and counterface have been observed af-
ter sliding in a trace moisture environment, where decreased
friction and wear could be related to higher concentrations of
carbon in the tribofilms [40,74,119].

The notion ’dry’ as a way to describe an environment is
vague and covers a relatively large humidity span, including
trace moisture at the lower end. In literature the term ’dry
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Figure 1.5. Wear rates of various polymer and polymer composites from a collection of studies
in dry gas (Schubert [124], Sawae et al. [40], Bhushan and Wilcock [116], Theiler and Gradt
[48, 125–127], Haidar et al. [70], Campbell et al. [68], McCook et al. [104], Erck and Fenske
[128]).

gas’ is typically used for gases containing a moisture content
up to about 600 ppm by volume (ppmV) [54,101,104,129] and
’trace moisture’ up to 160 ppmV [119, 130, 131]. Figure 1.6
summarizes the span and upper limits of moisture content as
specified in cited papers, including the terms used to describe
the humidity of the gas. In 1979, the International Union of
Pure and Applied Chemistry (IUPAC) defined a trace element
as an element with less than 100 µg/g in average concentration
[132], which roughly converts to 160 ppmV for air and nitrogen.
This agrees with the range of trace moisture used by Kurahashi
et al. [131], Figure 1.6, and will also be the definition of trace
moisture in this thesis. The paper by Maer et al. was published
in 1973, which may explain why the authors used the term
’very dry’ instead of trace moisture or other common terms
such as trace water or trace humidity.

For dry gas applications, the tribological performance of the
polymer composite may vary significantly with changes in the
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Figure 1.6. Humidity ranges and upper limits used in literature to define the moisture content
in gas environment (Maer et al. [54]; Kojima et al. [119]; Fukuda et al. [130]; Kurahashi et
al. [131]; McCook et al. [104]; Khare et al. [129]; Oyamada et al. [101]). Quoted terms were
used by the authors to describe the humidity of their gas environment.

amount of water and trace impurities in the working gas. The
substantial work by Schubert [124] in 1971, show that the wear
of tested carbon filled PTFE composites are strongly affected
by the humidity in the ambient gas and that a lower threshold
existed where the wear rates increased rapidly. Literature also
implies that the coefficient of friction of PTFE/CF composites
may vary within trace amount of moisture [74,119]. With liter-
ature reporting test environments with moisture contents from
below 1 ppmV to several hundred ppm, and with sometimes
deficient systems to control the moisture content throughout
testing, tribological test results must be carefully considered
before implementing them to further research or application.
Depending on the application, the amount of moisture in the
gas may either be restricted to a few ppmV as upper limit or
fluctuate significantly during operation. E.g, in Stirling en-
gines the working gas is contained and used continuously for
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long periods of time, which enables moisture to accumulate
over time. Contrarily, for hydrogen gas compressors the gas is
continuously replaced and the moisture content of the supplied
gas is limited. For example, the hydrogen for use in fuel cells
is required to have a moisture content below 5 ppmV [133].

1.5.3 Vacuum

The use of liquid lubricants in vacuum is limited to materi-
als with low volatility, such as PFPE, MAC and PAO based
oils [134]. In applications where lubricant migration must be
avoided and where high temperature variations occur, self-
lubricating polymeric materials are used [135]. One example is
retainers or lubricating coatings in ball bearings in space appli-
cations. The function of the polymeric retainers is to separate
the balls and provide a lubricating film on the ball and raceway
through material transfer [9, 136]. There are also applications
in which both liquid lubricants and self-lubricating polymeric
materials may be suitable, such as slip ring assemblies and
actuators [135].

Common polymers for use in tribological space applica-
tions are PTFE and PI [9, 134,137]. The load carrying capac-
ity of unfilled PTFE is poor and therefore mostly used with
fiber reinforcements to get acceptable wear rates [9]. The solid
lubricant MoS2 is frequently used in vacuum due to its low-
friction properties in absence of water vapor and have proven
to reduce the friction and wear of PI substantially [138]. More
recently, results by Theiler and Gradt have shown promising
friction and wear behavior of PEEK composites filled with car-
bon fiber, PTFE and MoS2 [139,140].
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1.5.4 Aqueous environment

In the other described environments, the high tribological per-
formance is usually attributed to the polymeric materials abil-
ity to form a transfer film on its sliding counterpart [76, 141].
In an aqueous environment, water prevent a transfer film to
form by washing away wear debris from the sliding interface.
Instead, wear and friction are governed by the lubrication of
water, in the boundary, mixed or hydrodynamic lubrication
regime depending on the surface roughness and sliding con-
ditions [76, 142, 143]. Generally, for both unfilled polymers
and polymer composites, the wear and friction in water and
boundary lubrication are higher than in ambient air for similar
conditions. However, for mixed and hydrodynamic lubrication
both friction and wear are reduced significantly [76,143].

Several polymers and polymer composites have shown promis-
ing tribological behavior in water lubrication, including Polyamide-
imide (PAI) [144], Ultra high molecular weight polyethylene
(UHMWPE) [145, 146] and HS carbon fiber reinforced poly-
mers [76]. Furthermore, abrasive particles such as nano-diamonds
and Al2O3 can increase wear resistance significantly, even if
wear of the counterface may increase [76, 147]. Contrarily to
the other environment types, PTFE based composites gener-
ally show poor wear resistance in water [148].

Possible applications of water lubricated polymeric mate-
rials are different type of bearings in hydro turbines, marine
propulsion systems and water pumps [149].



Chapter 2

Research gaps

As described in Section 1.5, the tribological behavior of poly-
mer composites in humid air has been studied extensively.
Contrarily, the amount of tribological studies reported of poly-
mer composites in dry gas and especially in trace moisture are
extremely limited. As Figure 1.5 indicates, carbon fiber rein-
forced PTFE is a material with high tribological performance
in trace moisture environments, where possible applications are
dynamic seals and piston rings in reciprocating hydrogen gas
compressors and Stirling engines. Even though the operating
conditions are similar in the two applications, including high
sliding speeds and elevated contact temperatures, the trace
moisture content differs substantially. As described in Section
1.5.2, the moisture level varies tremendously in reported litera-
ture for tribological studies in both dry gas and trace moisture,
where the control of the moisture content throughout tests are
sometimes insufficient. The limited amount of published stud-
ies on the tribology of polymer composites in trace moisture,
as well as the large variations of the moisture level between
papers, leads to the aim and objectives of this thesis, as can
be read in Chapter 3.
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Chapter 3

Aim and Objectives

The amount of research on the tribological behavior of poly-
mer composites in trace moisture environments and high slid-
ing velocities is very limited. This thesis aims to increase the
fundamental understanding of the tribological behavior of one
of the most promising polymer composites at given conditions,
namely carbon fiber reinforced PTFE.

Research objectives

1. Develop a climate controller for accurate control and con-
tinuous monitoring of the humidity in a climate chamber
within trace moisture levels.

2. Investigate the effect of trace moisture content and coun-
terface material on the tribological performance of carbon
fiber reinforced PTFE composites.

3. Investigate the effect of surface roughness on the friction
and wear behavior of carbon fiber reinforced PTFE com-
posites sliding in a trace moisture environment.
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Chapter 4

Materials and methodology

A substantial amount of experimental work was carried out to
enable tribotesting in controllable trace moisture environments
and to provide reliable and repeatable results. This includes
the development of a humidity controller, customization of the
test configuration and optimization of the experimental proce-
dure for tribotesting. In this chapter the developed test setup
is briefly described along with tested materials and experimen-
tal procedures.

4.1 Materials

In this work, two kinds of carbon fiber reinforced PTFE com-
posites have been used. The primarily used material is an
industrially used PTFE composite developed for dry gas ap-
plications, referred to as CF/PTFE, and the other is a com-
mercially available standard composite containing 75% PTFE
and 25% CF, referred to as CF25/PTFE. Energy dispersive
spectroscopy (EDS) analysis of the chemical composition of
the former material prior to testing indicating that the car-
bon content from filled carbon fiber and other possible carbon
fillers is roughly between 20 and 30%. The dimensions of the
specimens were prepared to 8 mm in diameter and 10 mm in
length.
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Figure 4.1. Typical topography of alloy steel counterfaces. The left surface has a surface
roughness of Sa = 0.023 µm and the surface to the right has a surface roughness of Sa = 0.22
µm.

Two counterface materials have been used: a 34CrNiMo6
alloy steel and a GJS-500-7C ductile cast iron. Cast iron is
used for cylinder blocks in industrial trace moisture applica-
tions and the alloy steel was chosen as a reference material with
good machinability and hardenability. The materials came as
rods and were machined to disc. The flat surfaces were grinded
in figure-8 motions to get an unoriented surface texture that
somewhat resembled the cross-hatch pattern in cylinder lin-
ers from honing. Silicon carbide (SiC) papers of grades rang-
ing from P240 to P2000 were used to achieve desired surface
roughness. The typical topography achieved after grinding is
depicted in Figure 4.1 for two alloy steel counterfaces. Scan-
ning white light interferometry (SWLI), Wyko NT1100 (for
Paper B) and Zygo NewView 7300 (for Paper C), were used to
verify the counterface roughness by measuring at least three
spots of the counterface. To rule out the possible effect of hard-
ness on the tribology of the PTFE composites, the cast iron
discs were quench hardened and tempered to a hardness of 425
HV30, which was deemed comparable to the hardness of 460
HV30 of the alloy steel discs. For Paper C, an alloy steel disc
was tempered and another alloy steel disc quench hardened to
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Table 4.1. Chemical composition, as-received hardness and hardness after heat treatment of
counterface materials.

Material Chemical composition Hardness (heat treated)
GJS-500-7C 3.5%C, 2.5%Si, 0.15%Mn, 0.015%P, 180 HV30

(ductile cast iron) 0.01%S, 0.1%Cu, 0.04%Mg (425 HV30)

34CrNiMo6 0.35%C, 0.25%Si 0.8%Mn,0.015%P, 460 HV30
(alloy steel) 0.03%S, 1.5%Cr, 1.5%Ni, 0.2%Mo (265 HV0.3, 685 HV1)

get a softer and a harder counterface than the as-received ma-
terial to study the effect of hardness. The tempered disc had
an average hardness of 265 HV0.3 and the quenched disc was
685 HV1. The hardness of counterface materials, as-received
and after heat treatment, and their chemical compositions are
listed in Table 4.1.

4.2 Tribometer and climate control

All tribotests were conducted in a Plint TE92 microprocessor-
controlled tribometer with a tri-pin-on-disc configuration, Fig-
ure 4.2, specially developed for this project. The tri-pin-on-
disc configuration consists of a self-aligning pin holder rotat-
ing against a stationary and interchangeable counterface disc,
where the mean sliding radius is 25 mm. Through the hol-
low center of the counterface disc, a non-contact capacitance
displacement transducer is mounted for accurate in-situ wear
measurements. The near-contact temperature is controlled by
the two heaters in the bottom of the test setup and the ther-
mocouple (TC) inserted in the counterface disc, 1.5 mm below
the center of the sliding interface.

A climate chamber encloses the pin-on-disc configuration
and enables control of the test environment. The climate
chamber, which holds all the stationary parts of the test setup,
rotates freely on a thrust bearing, where a torque arm on the
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Figure 4.2. Schematic illustration of the tri-pin-on-disc tribometer. (Paper A)

base of the chamber and a force transducer on the tribometer
frame restricts the rotation and measures the frictional torque.
The contact load is applied by a pneumatic bellow and con-
trolled by an in-line force transducer. To prevent interference
with the friction torque measurement, the seal between the
bearing housing and top of the climate chamber consists of a
strip of flexible plastic taped to both sides.

To control and monitor the moisture content in the climate
chamber a humidity controller was developed. The most im-
portant design requirements of the controller was high accuracy
of the humidity sensor and precise control of the moisture con-
tent at trace moisture levels. The critical components of the
controller system can be seen in Figure 4.3. The humidity in
the climate chamber is measured by an external dew point me-
ter connected to the climate chamber in a recirculating loop.
The gas is circulated at 2 l/min by an eccentric diaphragm
pump and the sensor is protected from wear particles by a set
of filters with 5 to 0.1 µm in mesh size. Full specifications of
the components and more detailed description of the humidity
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controller can be found in Paper A.
The humidity is controlled by the flow of dry gas supplied

from a gas cylinder. This is possible since the climate cham-
ber is not 100% gas tight. Therefore, a small amount of water
vapor will always leak into the system since the water vapor
pressure is lower in the climate chamber than the surrounding
air. Depending on the flow of supplied gas, the net change of
moisture content in the climate chamber is either positive or
negative. The gas supply is regulated by an electronic pressure
(E/P) regulator and a fixed restrictor valve, where the pres-
sure of the regulator is controlled by a PI-controller that uses
the dew point signal as process value. During start-up, the
moisture content is high in the climate chamber due to expo-
sure to ambient air. To minimize rise time and overshoot, the
climate chamber is flushed with dry gas during the final seal-
ing using the manually operated flush valve. Once the climate
chamber is sealed, the flow is reduced by the flush valve to a
slight over-pressure in the chamber as indicated by the bulging
flexible plastic sealing. The flush valve is fully closed once the
process value reaches 70-90% of the set point, leaving the final
corrections to the PI-controller.

The humidity controller have been successfully tested at
moisture contents between about 10 ppmV and 100 ppmV.
The error after settling have for all tested humidity levels been
within a few ppmV. In these tests, nitrogen with a <5 ppm
moisture content classification has been used. Lower moisture
content is likely possible, especially if a higher grade gas with
less moisture content was used. At moisture contents higher
than 100 ppmV the controller becomes unstable and a humid-
ifier would be needed to increase the environmental moisture.

More advanced climate controllers can be found in litera-
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Figure 4.3. Schematics of the humidity controller, adapted from Paper A.

ture, which are based on high-vacuum chambers that are able
to reach lower moisture content among with other possible ad-
vantages. One example is the climate controller developed by
Fukuda, that is described and used in [40,130,150]. However, in
these cited papers the moisture content is described to change
during the course of a test, which indicate that not even this
advance and seemingly expensive system appears to have an
automatic control of the moisture content. The advantages of
the humidity controller developed in this project are the auto-
matic moisture control, the relatively low cost (<30000 SEK
or <3300 USD) and the portable design which enable the use
with other tribometers with minor modifications.

4.3 Experimental procedures

To ensure high repeatability of the friction and wear behavior
for both running-in and steady-state sliding, the polymer com-
posite specimens are carefully prepared prior to test. Firstly,
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the polymeric pins are pre-heated to 110°C to remove absorbed
moisture to prevent unwanted moisture increase during tri-
botest. The pins are then mounted in the pin holder while
pressed against the counterface to obtain conformity between
the counterface and pins. To further increase the conformity,
the pins are grinded in in-situ with a fixed procedure by putting
SiC papers, first P800 and then P1200, between the counter-
face and pins. In a final step, the pin holder is removed from
the tribometer and the pins, still mounted in the pin holder,
are lightly rubbed in different direction against a P1200 paper
to diminish grooves parallel to the sliding direction. Before
re-mounting the pin holder in the tribometer, the counterface
and pins are thoroughly cleaned with ethyl alcohol.

The operating conditions were set to simulate typical op-
erating conditions of the piston rings in Stirling engines and
reciprocating hydrogen gas compressors, averaged over a cy-
cle. The sliding velocity was set to 2.2 m/s, the contact pres-
sure to 2 MPa and the near-contact temperature to 80°C. All
full-duration tests were run for at least 300 km of sliding to
provide reliable values of the average coefficient of friction and
wear rate. During running-in the wear rate and coefficient of
friction are initially high, where the transient wear can be a
substantial part of the total wear during a test. Therefore,
the data from the first 80 km of sliding were excluded from
the calculations of the average coefficient of friction and wear
rate to ensure that only data from steady-state conditions was
included. All tests also showed momentary periods of severe
wear and high coefficient of friction, regularly occurring after
a time with low wear rate, see Fig. 4.4. Since the duration
between each period of severe wear vary, shorter tests could
result in no periods of severe wear in some tests and several
periods in another, resulting in unreliable wear rates.
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Figure 4.4. Typical wear and friction curves for the CF25/PTFE composite with highlighted
regions of severe wear.

Specific test procedures were used to study the mechanisms
behind the transitions in wear and friction during running-in
and the occasional periods of severe wear during steady-state
sliding, the former described in detail in Section 2.2 in Paper
C, page 2-3, and the latter in Section 2.3 in Paper B, page 5.
In brief, repeated tests were stopped at different sliding dis-
tances or coefficient of frictions to study the sliding surfaces at
different stages of sliding related to the transitional behavior of
friction and wear. Similar procedures have been used in liter-
ature to study the wear behavior and formation of tribofilms,
where tests were continued after analyzing samples [64, 151].
However, in this work the tests could not be continued after
a stop since the temporary exposure to humidity and oxygen
during analysis affected the friction and wear behavior of con-
tinued tests. Therefore, tests were repeated and stopped at
the different stages of interest instead of continued after each
stop.
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4.4 Surface analysis

Scanning white light interferometry, optical microscopy, SEM
and EDS have been utilized to analyze the sliding surfaces
after tribotesting and to characterize the tribofilms formed
on the counterface and polymer composite surface. Differ-
ent equipment and methods have been used throughout the
experimental work depending on the needs of specific studies.
For detailed descriptions of the different analysis methods, see
Section 2.3 in Paper B and Section 2.3 in Paper C.

4.5 Contact temperature approximation

A thermodynamic simulation of the contact temperature were
done for a simplified model of the test setup in COMSOL Mul-
tiphysics, Fig. 4.5. The simulation model was developed to
approximate the contact temperature from the measured near-
contact temperature. To optimize and validate the model, two
additional thermocouples were used to measure the tempera-
ture at other locations of the test setup. The main reason to
develop this thermodynamic simulation model was to better
understand the actual temperature conditions in the sliding
interface and perhaps more important, to get an indication on
the magnitude of the temperature difference between the mea-
sured near-contact temperature and the actual contact temper-
ature for different sliding conditions. The latter is important
in order to know if and how much the temperature settings of
the test rig have to be compensated to get the contact tem-
perature sought for. The thermodynamic simulation and the
results from it are described in detail in Paper A, Section Ap-
proximation of contact temperature



Figure 4.5. Illustration of the thermodynamic simulation model. (Paper A)



Chapter 5

Results and discussion

In this chapter, the main findings from the conducted studies
are summarized. Detailed results and discussions can be found
in the appended papers.

5.1 Tribological behavior of PTFE composites in
trace moisture environments

From the experimental work, all tested materials and condi-
tions have given steady-state wear rates within 2.4 · 10−8 and
5.6·10−8 mm3/Nm and coefficients of friction between 0.05 and
0.17, which is similar to the values reported in [40] for PAN-
based carbon fiber reinforced PTFE tested in similar condi-
tions, but in hydrogen instead of nitrogen. These wear rates
are very low in comparison to other investigations at high slid-
ing speeds (>1 m/s) found in literature. However, for lower
sliding speeds, wear rates in the order of 10−8 mm3/Nm have
been reported frequently for various polymer composites in
ambient conditions [51, 68,111,112,152,153].

Analysis of the sliding surfaces during running-in and steady-
state, revealed that the mechanisms behind the low friction
and wear of PTFE composites in trace moisture environments
are similar to the theory described in Section 1.3 for low wear
PTFE composites. During the initial sliding, the excessive ma-
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Figure 5.1. Typical sliding surfaces of the CF/PTFE composite a)-c) and alloy steel counterface
e)-f), along with a schematic illustration of the sliding bodies and formed tribofilms d). The
method used for the relocated surface measurements can be read in Section 2.3, Paper C.
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trix is worn off, resulting in protruding carbon fibers from the
matrix. The sliding contact is thereby shifted from predomi-
nantly PTFE against asperities in the counterface to mainly
carbon fibers against asperities, which impede further matrix
wear. The mildly abrasive carbon fibers remove oxide lay-
ers on the counterface and help to degrade wear particles in
the sliding interface to promote the formation of a strongly
adhered transfer film, which significantly reduces friction and
wear. Moreover, a smooth and loosely adhered tribofilm was
found on the CF/PTFE surface after sliding against an al-
loy steel counterface, which has been observed by other re-
searchers studying carbon fiber filled polymers in dry gas en-
vironments [40,74,101].

The typical sliding surfaces of the CF/PTFE material and
alloy steel counterface are summarized in Figure 5.1, where a)
schematically illustrates the sliding bodies and the tribofilms
formed between them. Figure 5.1 b) depicts the typical topog-
raphy of the worn CF/PTFE after running-in. The surface im-
age clearly shows that the highest peaks are almost exclusively
consisting of carbon fibers, protruding from the matrix with up
to several micrometers. Deeper crevices are also common fea-
tures after sliding, likely due to carbon fibers debonding from
the matrix and damaging the surface on their way out of the
sliding interface.

From Figure 5.1 c), it is clear that the tribofilm is gener-
ally a few micrometers thick that evenly covers the whole sur-
face, with the exception of the deeper pits and valleys that are
substantially filled. Additionally, several of the carbon fibers
seems to be at least partly uncovered, which the protruding
fibers in the resulting sliding surface, shown in Figure 5.1 d),
also implies. By comparing Figure 5.1 b)-d), it can also be
seen that debonded carbon fibers or fiber fragments are re-
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attached to crevices of the surface and held in place by the
tribofilm. This could indicate that the tribofilm, not only pro-
tects the PTFE matrix from transferring to the transfer film,
but also somewhat strengthen the CF/PTFE surface by act-
ing as a weak adhesive in cracks in the matrix or in cracks
between fibers and matrix. Moreover, observation of the fric-
tional behavior during running-in indicates that the tribofilm
possess excellent frictional properties that likely surpass that
of the transfer film. For more information of the analysis of
the tribofilm and CF/PTFE surface, read Section 3 in Paper
C, page 7 and 10.

The observations of Figure 5.1 b)-d) also indicate that the
protrusion height of the carbon fibers may be critical in order
for the film to form and maintain on the surface. Without suf-
ficient fiber protrusion, the tribofilm may either be enable to
form due to excessive interaction between matrix and transfer
film or be considerably thinner, which would eliminate or re-
duce its beneficial effects on friction and wear. It is also likely
that too high protrusion of the carbon fibers would aggravate
the formation of a sufficiently thick tribofilm. Ultimately, this
could indicate that a critical fiber length exists.

The alloy steel counterface, Figure 5.1 e), is fully covered by
a strongly adhered transfer film, Figure 5.1 f), at steady-state
conditions. The transfer films are characterized by a smooth
and thin layer that covers up shallow valleys together with
smeared out lumps of thicker transfer. Accurate measurements
of the transfer film thickness during steady-state has not been
made yet. However, surface analysis indicate that the thin base
of the transfer film has a thickness in the order of hundreds of
nanometers and the thicker lumps are up to few micrometers
thick, as shown in 5.1 f). Observations have also indicated that
the lumps are continuously growing in size and number during
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steady friction and then worn down and regenerated during
transient periods of severe wear. However, the uniform base of
transfer film is not worn off during this period, which confirm
the strong adhesion between transfer film and counterface.

Preliminary EDS analysis suggests that the tribofilm on
the PTFE composite and the transfer film originates from
both decomposed PTFE and carbon fiber. However, more
thorough analysis is needed to chemically characterize the tri-
bofilms formed on the sliding surfaces to understand the tribo-
chemical reactions involved and how each tribofilm affect the
tribological behavior.

5.1.1 Transient friction and wear behavior

All tested materials and conditions have shown a periodic be-
havior where friction peaks or valleys and momentary periods
of severe wear interrupts the otherwise low and steady friction
and wear after a certain amount of sliding, as illustrated in
Figure 4.4. This phenomenon was analyzed and described in
detail in Paper B, where significant changes of the sliding sur-
faces were observed. In the beginning of the transient behavior,
large wear particles were found on the counterface, indicating
the severe wear mode, and analysis of the CF/PTFE showed
that larger segments had been detached from the surface, see
Figure 5.2. Moreover, the roughness of the transfer film had
decreased substantially from the steady-state sliding to the be-
ginning of the transient behavior, which indicates considerable
third body abrasion.

SEM analysis of the CF/PTFE surface after removing the
tribofilm, Figure 5.3, shows clear signs of crack formation in
the matrix, initiated debonding of carbon fibers and breaking
of fibers already after running-in. Furthermore, grooves par-
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Figure 5.2. Topographical changes of CF/PTFE surface during transient friction and wear.
Sliding directions indicated with arrows in the figure. (Paper B)

allel to the sliding direction can be found on the CF/PTFE
surface during all stages of sliding, likely due to abrasion from
torn off carbon fibers. It is therefore plausible that carbon
fibers are continuously broken and debonded from the matrix
without significantly affecting friction or wear. From the lim-
ited analysis, the initiation of the transient behavior could be
explained by surface fatigue. It is assumed that cracks initiated
by frictional stress and frictional heating, propagate trough the
matrix and between fibers until small chunks of the composite
surface are detached. The abrasion caused by the large wear
debris may initiate a snowball effect where the equilibrium of
the system is disrupted and the stable sliding interface needs
to be regenerated.

Another possible explanation could be that the protruding
carbon fibers, predominantly supporting the load, eventually
wears down or debonds from the matrix. This would increase
the stress on the tribofilm and likely lead to rapid ejection of



5.1. Tribological behavior of PTFE composites in trace moisture environments 41

Figure 5.3. SEM image of the worn surface of the CF/PTFE at the end of running-in against
an alloy steel counterface. The tribofilm was removed prior to analysis.

the loosely adhered tribofilm from the sliding interface, which
in this context could be likened to lubrication starvation in lu-
bricated contacts. As a consequence, the degree of separation
between the PTFE matrix and transfer film is substantially
reduced, leading to temporary high friction and wear. This
is in accordance with the surface analysis summarized in Fig-
ure 5.2, where the protruding fibers characteristically found in
the CF/PTFE surface at steady-state sliding were not found
at the beginning of the transient friction and wear (2), as op-
posed to during stable friction (1) and in the end of the peak
(4). To confirm either of the two proposed explanations, more
comprehensive analysis are needed.

The periods of severe wear, Figure 5.2, contributed signifi-
cantly to the total wear during steady-state conditions. How-
ever, the severity depended strongly on the PTFE composite
and to a certain degree on the counterface material and humid-
ity, as can be seen in Figure 5.4, where the continuous wear
rate represents the stable wear rate between periods of severe
wear. The severity was the highest for CF25/PTFE, with an
estimated contribution on the total wear of up to around 80%.
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For CF/PTFE, the maximum contribution from periods of se-
vere wear on the total was about 30%. This behavior is linked
to run-in wear, where high contribution of severe wear is re-
lated to high wear during running-in, see Figure 10, Paper B.
A possible explanation why the run-in wear and severity of
transient periods are high for CF25/PTFE is weaker bonds
between fibers and matrix. The CF/PTFE material is used in
tribological applications in industry and probably has a special
surface treatment of the carbon fibers to enhance the bonding
to the matrix compared to the more generic CF25/PTFE ma-
terial.

5.2 The interrelated effect of environmental moisture and
counterface material

Varying the environmental moisture content within trace mois-
ture levels strongly affects the wear of carbon fiber reinforced
PTFE composites, see Figure 5.4. However, the effect on
wear depends on what counterface material is used. For the
CF/PTFE sliding against an alloy steel counterface, a positive
correlation with moisture content was observed, where the dif-
ference in steady-state wear rate between tests in 11 ppmV and
72 ppmV moisture was 43%. For sliding against the cast iron
counterface, no correlation was found and the highest wear rate
was achieved at 21 ppmV. An opposite trend was found for the
coefficient of friction, where the lowest friction was observed
for the 21 ppmV condition. The coefficient of friction using the
alloy steel counterface was rather unaffected by the moisture
content in the tested range of trace moisture and about three
times lower than with the cast iron counterface. However,
tests in ambient air showed coefficients of friction and wear
rates over an order of magnitude higher than the tests in trace
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Figure 5.4. Effect of trace moisture level on the coefficient of friction (left) and steady-state
wear rate (right) for three material combinations. The solid line represents the average wear
rate during steady-state and the dashed line represents the wear rate during stable friction and
wear. (Paper B)

moisture for CF/PTFE sliding against alloy steel counterface.
Contrarily to CF/PTFE against alloy steel counterface, the
wear rate of CF25/PTFE composite showed negative correla-
tion to the moisture content in the gas. The results from the
humidity study can be read at its whole in Section 3, Paper B.

5.3 Effect of roughness and hardness

Generally, a positive correlation between surface roughness and
wear rate seems to hold for the tested range of roughness. How-
ever, wear data suggests two minimums, as shown in Figure
5.5, at around Sa=0.1 µm and Sa=0.015 µm for all tested
hardness levels. More tests would be needed to statistically
prove the apparent trend and more analysis to understand
why. Roughness did not affect the coefficient of friction during
steady-state conditions and hardness did not show any signif-
icant effect on either friction or wear. Contrariwise, hardness
and especially roughness had distinct and somewhat interre-
lated effects on the friction and wear behavior during running-
in, as shown in Figure 5.6. For smooth counterfaces, Sa=0.02
µm, the total wear during running-in was very low, only about
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Figure 5.5. Specific wear rates of CF/PTFE against alloy steel counterface with different
hardness and roughness. (Paper C)

5 µm, and for the rough counterfaces, Sa=0.25 µm, the wear
were two times higher or more. For smooth counterfaces,
wear during running-in was independent on hardness, while
for rough counterfaces wear decreased significantly with hard-
ness. Why hardness only affect the running-in wear for rougher
counterfaces can perhaps be explained by the topographical
changes during running-in. Scanning white light interferome-
try (SWLI) analysis of a rough and smooth counterface with
460 HV during running-in, Figure 15, 17, 18 and 19 in Paper
C, reveals that the rough surface is slightly abraded during the
initial sliding, while no signs of abrasion on the smooth surface
could be found. Therefore, low hardness likely results in more
abrasion of the rough counterface, where abraded material or
the changed topography may delay the formation of protect-
ing tribofilms. This leads to longer sliding duration with direct
contact between counterface asperities and the PTFE compos-
ite, as indicated by the longer sliding duration in the initial
high friction regime, Figure 5.6, which consequently results in
higher wear of the PTFE composite.
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Figure 5.6. Wear a) and coefficient of friction b) during running-in for rough, Sa=0.25 µm,
and smooth, Sa=0.02 µm, counterfaces with different hardness. (Paper C)

The two distinct friction behaviors during running-in for
rough and smooth counterfaces, as seen in Figure 5.6 b), were
strongly related to the transfer film formation on respective
surface. At steady state conditions, the transfer film formed
on a rough and a smooth counterface are quite similar and
shares the distinct features described in Section 5.1. However,
the evolution of transfer film during running-in differs greatly
with roughness. For a smooth counterface, a strongly adhered
transfer film starts to form almost immediately. Contrarily, a
loosely adhered transfer film, that could be wiped off easily, is
initially formed on a rough counterface.

An approximation of the abrasion depth or transfer film
thickness at different sliding distances during running-in can
be seen in Figure 5.7. The rough counterface is abraded by
about 50 to 150 µm during the initial sliding and then remains
rather unchanged for a few kilometer of sliding as soon as the
loosely adhered transfer film has formed. After 15 kilometer of
sliding, the loosely adhered transfer film is partially replaced
by a strongly adhered transfer film, as seen by the large devi-
ation and partly positive height change in Figure 5.7 b) at 15
km. Contrarily, the smooth counterface shows no sign of ini-
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Figure 5.7. Height changes of countersurface due to abrasion, negative change, or transfer film
build up, positive change. a) depicts the changes of a smooth counterface during running-in
and b) depicts the changes of a rough counterface. (Paper C)

tial abrasion, Figure 5.7 a), and a persistent transfer film has
already started to form once the coefficient of friction drops
at 1.8 kilometers of sliding. The thickness of the transfer film
continuously increases throughout running-in. The effect of
roughness on the running-in behavior and evolution of trans-
fer film are described in detail in Section 3, Paper C.

Alam and Burris [67] hypothesized that low wear rates are
needed for tribochemical accumulation and tribochemical ac-
cumulation promotes low wear rates. This is a reasonable ap-
proach since lower wear leads to a higher degree of degrada-
tion of wear particles in the sliding interface [53] and hence,
more chain scissions, free radicals and tribochemical reactions.
Therefore, the initial formation of a weak transfer film on a
rough counterface can possibly be explained by the high ini-
tial wear, where the weak transfer film reduces the wear rate
sufficiently to promote tribochemical accumulation and the for-
mation of a strong transfer film.



Chapter 6

Concluding remarks

The carbon fiber reinforced PTFE composites provide both low
friction, down to µ=0.05, and low wear, in the 10-8 mm3/Nm
range, in trace moisture environments. The exceptional tri-
bological behavior can be explained by the formation of a co-
herent and strongly adhered transferfilm on the counterface,
protecting the polymer composite from direct interaction with
metal asperities, as well as the formation of a lubricious tri-
bofilm on the polymer composite surface.

The amount of environmental moisture at trace moisture
levels was proven to affect the wear rate of tested materials
significantly, where a difference in up to about 40% was ob-
served in the tested range, 11-72 ppmV moisture. However,
the relation between wear and moisture content varied be-
tween the tested combinations of counterface materials and
PTFE composites. Tests against the 34CrNiMo6 alloy steel
counterface gave about three times lower coefficient of friction
than against a GJS-500-7C ductile iron counterface. The coef-
ficient of friction was independent of the trace moisture for the
alloy steel counterface, as opposed to the cast iron counterface
that showed an inverse relation with the wear rate for tested
moisture levels.

Counterface roughness generally showed a positive corre-
lation with wear rate both during steady-state and running-

47
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in, where higher roughness gave higher wear rate. Moreover,
the roughness largely affects the running-in behavior of the
CF/PTFE composite, where two distinct friction behaviors
were observed for a rough, Sa=0.25 µm, and smooth, Sa=0.02
µm, counterface, where the rougher surface in general gave a
lower and more stable coefficient of friction than the smoother
surface. The disparity was attributed to the different trans-
fer film formation behaviors, where for a smooth counterface
a strongly bonded transfer film was directly formed compared
to the rough counterface, where a loosely adhered transfer film
was formed initially and then subsequently replaced by a per-
sistent transfer film.



Chapter 7

Future work

It is obvious from the conducted running-in study that the
tribological performance of the carbon fiber reinforced PTFE
in trace moisture is strongly related to the properties of the
tribofilms formed on the counterface and polymer composite.

The tribofilm found on the polymer composite showed poor
adhesion to the composite surface which likely explains the low
coefficient of friction. However, this also indicate poor wear
resistance of the tribofilm compared to the much more robust
transfer film. Hence, the wear of the loosely adhered tribofilm
could, hypothetically, play a major role in the total wear rate
of the polymer composite. Since both PTFE and carbon fiber
are chemically inert, one possible way to reduce the wear rate
of the tribofilm could be to incorporate nano-particle fillers in
the polymer composite to promote stronger adhesion of the
tribofilm to the polymer composite surface.

In order to better understand the wear behavior of the
carbon fiber reinforced PTFE composites, the role of each
tribofilm should be investigated further. Therefore, more in-
depth analysis of the tribofilms formed on the surfaces of both
sliding bodies should be conducted.

In the present work, materials have only been tested in uni-
directional sliding due to limitations of the used tribometer.
Since the intended end use applications of the tested materi-

49
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als mostly involves reciprocating motion, such as reciprocating
compressors, the tribological performance should be investi-
gated in a reciprocating tribometer. A piston ring test rig for
polymer composites are under development to enable compo-
nent tests in trace moisture and to compare the tribological
behavior in reciprocating and unidirectional sliding. Studies
should also be expanded to test different sliding speeds, tem-
peratures and contact pressures to provide general guidelines
for choosing operating conditions in end use applications.

The studies presented in this thesis have been limited to the
tribological behavior of carbon fiber reinforced PTFE compos-
ites in trace moisture environments and the development of
a reliable test setup and climate controller needed to conduct
these studies. Future work should expand to other high per-
formance polymers and compare them with the already tested
PTFE composites. The results in Section 5.1, as well as pre-
sented literature in Section 1.5.2, indicate that carbon fibers
may act, not only as reinforcement and load support in poly-
mer composites, but also as a solid lubricant when decomposed
in trace moisture environments. Thus, it is possible that other
polymers deemed suitable in dry gas operation can achieve
comparable coefficients of friction and even lower wear rates
than the reinforced PTFE due to higher wear resistance and
thermal stability of the polymers.
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a b s t r a c t 

Research in tribology are often connected to tribosystems operating in specific environments, where climate 

chambers are needed for tribotesting to resemble the environmental conditions in the real application. Although 

the effect of humidity on the tribological performance of many materials and lubricants is evident, many studies 

are conducted without sufficient systems to accurately monitor and control the humidity level throughout testing. 

In this paper, a humidity controlling system was developed to enable continuous monitoring and precise control 

of the humidity at trace moisture levels. The climate controller was validated in a tri-pin-on-disc tribometer with 

excellent performance and can be fitted to most climate chambers. To further improve the control of operating 

conditions during tribotesting, a thermodynamic simulation of the contact temperature was developed. 

• The developed climate controller is a simple and cost-effective method to accurately monitor and control the 

humidity in a climate chamber at trace moisture levels. 
• The portable design of the humidity controller enables use with most climate chambers and enclosed 

tribometers. 
• To have better control over the temperature in the sliding interface during testing, a thermodynamic simulation 

method was used to estimate contact temperature between sliding bodies from near-contact temperature 

measurements and the measured friction forces. 
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Specifications table 

Subject Area: Engineering 

More specific subject 

area: 

Polymer composite tribology 

Method name: Climate control for tribotesting 

Name and reference of 

original method: 

Not applicable 

Resource availability: Software: 

PLC software, Logo! Soft Comfort - https://new.siemens.com/ 

global/en/products/automation/systems/industrial/plc/logo/logo-software.html 

Simulation software, COMSOL Multiphysics - https://www.COMSOL.com/ 

Hardware: 

PLC, LOGO! 8 - 

https://new.siemens.com/global/en/products/automation/systems/industrial/plc/logo.html 

E/P pressure regulator, Sentronic LP 617 - https://www.emerson.com/en- us/catalog/asco- 617 
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Introduction 

Many papers have proven the remarkable effect of sliding environment on friction and wear of 

various materials and lubricants, where the type of gas and humidity can greatly change the behaviour 

of friction and wear [1–4] . In particular, the authors, among a few other researchers, have shown that 

the trace moisture content in the environmental gas has a significant effect on friction and wear of 

polymers and polymer composites [5–8] . 

Tribometers are usually designed to suit a wide variety of configurations and users. Therefore, 

specific needs such as accurate humidity control in trace moisture, i.e. extremely dry, environments 

can be hard to find in a commercial tribometer. From literature, several different methods have been 

described in various levels of detail. Some of the described climate control systems are quite complex 

and likely very expensive [6 , 9] , with accurate humidity measurements and possibilities to increase and 

decrease humidity. Other methods can simply be to supply gas at a given rate to keep humidity below 

a certain limit [10] , purge a glovebox with a known gas for different durations to reach approximate 

levels of humidity [11] or insert a saturated salt solution in the climate chamber, where different salts 

provide different humidity levels [12] . The latter method is effective to maintain a certain humidity 

level, where the accuracy is known. However, only fixed humidity levels are possible and in the range 

of about 3 to 98% relative humidity. Most of the other described methods seem to need more or less 

manual adjustments or calibrations prior to testing to reach target humidity, where the accuracy of 

the humidity throughout testing is seldom specified. 

Depending on the test setup, continuous monitoring and controlling of the humidity can be vital 

to guarantee correct humidity levels throughout testing. Absorbed or incorporated moisture in the 

sliding material can be released to the sliding environment due to frictional heat and wear and water 

vapor can migrate into the test chamber over time, increasing the humidity in the climate chamber. 

This slight rate of humidity increase can be devastating for precise humidity tests. 

A climate controller was developed to monitor and control humidity at trace moisture levels with 

high accuracy, low gas consumption and inexpensive components. Key advantages of the controller are 

that it is closed-loop controlled, meaning no manual adjustments, and that it is built as a portable unit 

so that it can be used on most enclosed tribometers and climate chambers. The humidity controller 

was validated using an enclosed tri-pin-on-disc tribometer with high repeatability. 

Contact temperatures in tribometers are by its nature extremely difficult to measure. Usually, 

temperatures measured close to the contact are used as an estimation of the interface temperature 

and to control the contact temperatures for elevated temperature conditions. However, the difference 

between measured near-contact temperature and actual contact temperature may vary depending on 

operating conditions and resulting coefficient of frictions. This could lead to misleading comparisons 
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Table 1 

Operating limits of tribometer. 

Parameter Value 

Rotational speeds 30–30 0 0 rpm 

• Linear sliding velocity 0.1–7.8 m/s 

Load 20–10,0 0 0 N 

• Contact pressure 0.2–66 MPa 

Maximum friction torque 14 Nm up to 1500 rpm 

7 Nm at 30 0 0 rpm 

• Maximum friction force 560 N up to 1500 rpm 

280 N at 30 0 0 rpm 

Maximum temperature 200 °C (550 W heater power) 

of tests due to variations in contact temperature. For better control of the contact temperature in the 

sliding interface a thermodynamic simulation model was developed. 

Description of the test rig 

The tri-pin-on-disc was based on a Phoenix TE 92 rotary tribometer [13] where the TE 92/6 

reservoir was used as a base for the test chamber. The operational limits of the TE 92, as specified in 

Ref. [13] , can be seen in bold in Table 1 , where derived limits for the tri-pin-on-disc setup are denoted 

with arrows. 

The developed tri-pin-on-disc configuration can be seen in Fig. 1 and mainly consists of a self- 

aligned test pin holder, an interchangeable counterface disc with a 25 mm mean sliding radius, a 

centered displacement sensor for wear measurements and a type K thermocouple (TC) for near- 

contact temperature measurements. 

The test pin holder consists of two parts assembled with a centered steel ball between them, 

which allows the bottom part holding the three test pins to align against the counterface. The upper 

part has a machine taper to secure it to the rotating shaft. The torque is transmitted from the upper 

part of the test pin holder to the bottom by three symmetrically placed screws. Some amount of 

clearance between the upper part and screws exists to enable self-alignment. The test pins are 8 mm 

in diameter and have an initial length of 10 mm. The pins are put in slitted steel sleeves prior to 

mounting and then screwed tight to the pin holder by set screws. The test pin holder is designed 

to protect the displacement sensor from wear debris and also prevent the holder from damaging the 

sensor. 

The tribometer test cell is enclosed by an o-ring sealed lid and a flexible sealing, consisting of a 

strip of plastic from a plastic bag and packing tape, between the lid and bearing housing to allow 

some vibrations and radial movement. Other types of sealing, such as a rotary shaft seal would cause 

interference with the friction measurements and limit the natural response of the sliding system. The 

rotating shaft is hollow on the TE 92 to enable the removal of the upper specimen. During tests, this 

hole is sealed on top using a threaded screw with a washer and o-ring. Three threaded holes were 

added to the reservoir in which tube connections were fitted. These were used for gas supply and gas 

circulation, which is explained in detail in the humidity controller section. 

The displacement sensor is a high precision capacitance sensor, see specifications in Table 2 . The 

sensor is of non-contact type, with no moving parts internally or externally. Therefore, the accuracy 

is not affected by mechanical hysteresis. Since the sensor is used to measure the micrometer-sized 

displacements due to wear rather than the absolute distance, the small non-linearity error can be 

neglected in this test setup. During operation, it was noted that the limiting performance parameter 

was the noise, where noise up to ±5 μm was observed at the full-scale output (FSO). This was lowered 

to a maximum noise of about ±1 μm by raising the sensor closer to the test pin holder with a 

shim. This increased the minimum signal strength and hence lowered the impact of noise from the 

surrounding. 
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Table 2 

Specifications of displacement sensor. 

Parameter Value 

Model FE-925-CDT-02 

Type Capacitive displacement transducer (non-contact) 

Range 0–2 mm 

Non-linearity < 0.1% at FSO, < 2 μm 

Resolution < 0.5 μm 

Temperature −25 to + 200 °C 

Fig. 2. Simplified COMSOL model of the test setup. 

The thermocouple is inserted in a 1.5 mm in diameter hole in the side of the counterface disc. 

The hole is located 1.5 mm below the countersurface and reaches into the center of the sliding 

contact, providing close temperature measurements. The TE 92/6 reservoir is equipped with two 

heaters, illustrated in Fig. 1 . These are closed-loop controlled to heat and maintain a specified near- 

contact temperature, as measured by the TC. No cooling unit is connected to the reservoir, instead, 

the reservoir together with the cylindrical base and the counterface works as a heat sink, dissipating 

excessive heat to the surrounding. Therefore, the near-contact temperature can only be controlled 

at elevated temperatures, where the minimum allowed temperature depends on the coefficient of 

friction and sliding velocity. For operating conditions used in the research paper [5] , i.e. a sliding 

velocity of 2.2 m/s and a near-contact temperature of 80 °C, sufficient cooling was achieved for all test 

conditions where steady-state coefficient of friction of up to 0.18 was noted. For a higher coefficient 

of friction it was observed that the near-contact temperature exceeded 80 °C and an external cooling 

unit would have been needed to keep the near-contact temperature at the correct level. 

Approximation of contact temperature 

A thermodynamic simulation with the setup depicted in Fig. 2 was carried out to approximate the 

steady-state contact temperature on the counterface disc. The setup is a simplified model of the lower 

part of the test setup seen in Fig. 1 , consisting of the counterface disc and cylindrical base united to 

one solid. The modeling was done in the simulation software COMSOL Multiphysics inside the Heat 

Transfer Module, where all frictional work in the sliding interface was assumed to dissipate as heat. 

The simulation was simplified as an axis symmetrical system, Fig. 3 . Frictional heat is generated 

and conducted in the sliding contact, where the magnitude and parabolic distribution along the radius 

r of the contact surface of the corresponding heat flux q μ is derived from test data and geometrical 

relations of the system, 

q μ( r ) = 

ω r τμ cos −1 
(

r p 
2 −r d 

2 −r 2 

−2 r r d 

)

π A p r d 
. (1) 
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Fig. 3. Thermodynamic simulation of axis symmetric model, where z denotes the symmetry axis and r the radius of the setup. Arrows indicate heat transfer in and out of the system and 

dots depicts positions of thermocouples. 
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The input parameters in Eq. (1) are either known or directly measured in the test rig, where τμ

is the measured friction torque, ω is the angular velocity, A p the area of each test pin and r d the 

radius to the middle of the sliding surface on the counterface disc. The metal’s thermal conductivity 

is generally significantly higher than polymer composites, wherein the relatively small part of the 

total heat flux going into the polymer composite pins was omitted from the simulation. Hence, all 

heat generated in the sliding interface was assumed to be thermally conducted by the disc in the 

model. Due to the parabolic heat flux distribution, Fig. 3 , the contact temperature is varying across 

the transversal cross-section where the maximum temperature is found close to the radial center 

of the sliding contact. The sliding velocity increases towards the outer edge of the sliding contact, 

causing the heat distribution curve to be slightly skewed outwards from the rotational center. 

The two heat cartridges depicted in Fig. 1 adds required heat to the system, giving rise to a heat 

flux q h , which, for simplicity, is modeled as uniformly distributed to the bottom of the cylindrical 

base. The gas in the climate chamber is constantly moving because of pumping actions and the 

rotational movement of the test pin holder. The gas flow induces forced convection and potentially 

substantial heat losses. The convective heat flux q c is assumed to be uniformly distributed along the 

outer surfaces of the cylindrical base and counterface disc, where q c is a function of the convective 

heat transfer coefficient h and the temperature difference �T between the surfaces and ambient gas, 

q c = h �T . (2) 

The mass flow in and out of the small space formed between the inside of the counterface disc 

and the test pin holder during operation is considered small and hence the convective cooling of the 

inner surfaces is neglected and modeled as thermal insulators in the simulation model. 

In accordance with the temperature control in the test rig, the main principle of the simulation 

model is to keep the temperature at the near-contact thermocouple T C 1 , Fig. 3 , to set value regardless 

of the coefficient of friction and corresponding heat flux q μ. The power from the heaters, and thus 

the heat flux q h , are automatically adjusted for each simulation to fulfill this key criterion. Note 

that the allowed coefficient of friction is limited to 0.18 or less for the present temperature control 

system of the test rig due to the lack of a cooling unit as described in an earlier section. However, 

since q h is not limited to only positive values the model can simulate the use of a cooling unit 

and is therefore not limited to a coefficient of friction of 0.18 or less. The convective heat transfer 

coefficient h and the thermal conductivity K of the cylindrical base were unknown and without 

them a simulation conforming with the thermodynamics of the real test setup was impossible to 

find. Since the cylindrical base is fixed to the reservoir, K was assumed to be constant. Due to a 

fixed volume flow of 2 l/min in and out of the chamber the velocity of the gas inside the climate 

chamber should be relatively constant regardless of operating conditions and therefore, h was also 

assumed to be constant. Therefore, numerical optimization in the Optimization Module in COMSOL 

was performed to find suitable values for these parameters. The objectives in the optimization were 

two temperatures, one measured inside the cylindrical base by T C 3 and the other measured the 

surface of the cylindrical base by T C 2 , as depicted in Fig. 3 . The temperatures were measured during 

tribotesting, where materials and operating conditions were similar to those described in the research 

paper [5] . The average friction torque for this test was calculated to 0.38 Nm which corresponds to 

a coefficient of friction of 0.05. The solver was limited to find a solution within a range of typical 

values of h for forced convection in air [14] and for typical values of K for steel [15] . Thermal radiation 

and other possible heat losses are indirectly included in the optimization as thermal convection. The 

values of h and K after optimization resulted in perfect conformity between simulated temperatures 

and the three measured temperatures. The simulation model was then validated using the resulting 

friction torque and temperature in T C 3 from a tribotest run at more severe conditions. The average 

friction torque for the validation test was 1.13 Nm, corresponding to a coefficient of friction of 0.15, 

and the temperature difference between T C 1 and T C 3 was measured to 17 °C compared to the 

test used for the optimization, where a difference of only 6 °C was measured. With the simulation 

solved for the higher friction torque, Fig. 4 , the measured temperature in T C 3 was compared with 

the corresponding temperature in the simulation model, showing a difference of less than 1%. 
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Fig. 4. Thermodynamic simulation with higher friction torque used to validate the simulation model. 

As proven, the simulation model accurately estimates the contact temperature for tested operating 

conditions and coefficient of friction ranging between 0.05 and 0.15. Good estimations of the contact 

temperature are also expected for higher coefficients of friction, although the error will slightly 

increase with the coefficient of friction. This is mainly due to a simplification in the model that the 

gas temperature in the climate chamber is constant and independent of the coefficient of friction. 

However, in reality the gas temperature decreases with increased friction, which causes the error of 

q c to increase with coefficient of friction. Measurements of the gas close to the sliding contact during 

tests have shown that the gas temperature for tests with a coefficient of friction of 0.15 is about 10 °C 

lower than for tests with a coefficient of friction of 0.05. The insignificant error between measured 

and simulated temperature for the test at a coefficient of friction of 0.15 indicates that the deviation 

in gas temperature, and therefore also the increased error of q c , does not affect the simulation results 

markedly. 

Temperature conditions and average friction torque from tests against the 34CrNiMo6 counterface 

disc in the research paper [5] were used as inputs for the simulation shown in Figs. 2 and 3 . Friction 

torque and near-contact temperature data from one such test during steady-state conditions were 

used to simulate the average and maximum contact temperatures throughout a typical test where 

friction peaks occur. From the simulation, Fig. 5 , it is evident that a low coefficient of friction results 

in insignificant differences between the measured near-contact temperature and simulated contact 

temperatures and that the difference linearly increases with the friction torque. From the simulation 
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Fig. 5. Measured near-contact temperature and simulated contact temperature for tribotest at steady-state conditions. Friction peaks are due to the specific wear behaviour of the tested 

polymer composite. 
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Table 3 

Specifications of components in the humidity controller. 

Component Product info 

Dew point transmitter Easidew online, −100 to + 20 °C dew point range 

Circulation pump SPC 570 EC, 2 l/min 

E/P pressure regulator Sentronic LP 617, 0–6 bar 

Filters 5, 0.3 and 0.01 μm 

Restrictor valve Kuhnke 0.1 mm orifice, approx. 0.34 Nl/min @ 7 bar 

PLC LOGO 8! with an analog output module 

Tube 2-layer fluoropolymer tube, 6 × 4 mm 

data the average contact temperature can be approximated by the linear equation 

T a v g = 1 . 08 τμ + T measured , (3) 

and the maximum contact temperature by 

T max = 1 . 97 τμ + T measured , (4) 

where T measured is the near-contact temperature measured by thermocouple T C 1 . As shown by 

Eqs. (3) and (4) , the difference between the contact temperature and the measured temperature is 

negligible for these inputs, where the maximum contact temperature was less than 1 °C higher than 

the measured temperature at a friction torque of 0.38 Nm, equivalent to the steady-state coefficient 

of friction of 0.05 shown in Fig. 5 , and about 5 °C higher at a friction torque of 2.5 Nm, equivalent 

to the peak coefficient of friction of 0.33 shown in Fig. 5 . A similar trend applies for the simulated 

average contact temperature, only the difference is about half the size. The difference between 

simulated maximum contact temperature and measured temperature can also be seen in Figs. 3 

and 4 for a coefficient of friction of 0.05 and 0.15 respectively, where the discrete change between 

each normalized temperature field curve is 0.5 °C. 

Since the heat distribution is parabolic and the distance between the thermocouple and the sliding 

contact is much smaller than the radius of the test pins, it is reasonable that the temperature 

difference is small for the given inputs. Moreover, the increasing difference between the measured 

and simulated temperature with higher friction is also logical. Higher friction torque results in higher 

heat flux in the contact zone and less applied heat, if any, from the heaters, resulting in a steeper 

temperature gradient as can be seen by comparing Figs. 3 and 4 . 

It can be concluded that the difference between the maximum contact temperature and measured 

near-contact temperature under elevated temperature conditions can be neglected for mild sliding 

conditions. The temperature difference increase with the coefficient of friction but is only significant 

for very severe sliding conditions. 

Data acquisition 

To minimize the post-processing time of the data from the displacement sensor and dew point 

transmitter, the existing data acquisition system (SLIM) of the TE92 tribometer was used. Two analog 

inputs with 12 bits resolution were available and could by small means be adjusted for the 0–10 V 

signals. The dew point meter was calibrated to the SLIM simply using a laboratory power supply 

and the displacement sensor was calibrated using a stand and precision gauge blocks with different 

heights. 

Humidity controller 

The components used for the humidity controller can be seen in Fig. 6 , where the key components 

are specified in Table 3 . 

This system both monitor and actively control the humidity in the tribotest climate chamber. The 

humidity in the chamber is measured by circulating the environmental gas between the test chamber 

and a dew point meter by an eccentric diaphragm pump. The gas is pumped through a set of filters 
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Fig. 7. Schematic of PI-controller. 

(5 to 0.01 μm) to protect the dew point meter from wear particles before entering the sampling block 

of the dew point meter. The dew point transmitter feeds a signal to both the data acquisition system 

of the test rig for continuous data logging and a Siemens LOGO8! PLC for feedback control of the 

humidity. Gas is supplied to the system through a restrictor valve to achieve sufficiently low gas flow. 

The pressure of the gas supplied to the restrictor valve is controlled by an electro-pneumatic (E/P) 

pressure regulator connected to a gas cylinder. A ball valve bypasses the restrictor valve to enable 

flushing of the test chamber to quicker reach target humidity after being exposed to the ambient 

environment. 

For the specific tri-pin-on-disc test setup one restrictor valve with the 0.1 mm orifice gave slightly 

too high gas flow. This means that the pressure regulator only used a small portion of the total range 

during operation, leading to a somewhat rough controller. A lower flow allows the pressure regulator 

to operate in a wider pressure span which means that each discrete change in the controller output 

results in a smaller change in the flow and a smoother controlling system can be achieved. A restrictor 

valve with a smaller orifice would have been ideal, but in this case, a second restrictor valve of the 

same size connected in series was sufficient to reduce the flow due to the added pressure loss. 

As illustrated in Fig. 6 , the humidity controller is closed-loop controlled, using the signal from the 

dew point transmitter to regulate the pressure of the E/P pressure regulator, which in turn controls 

the flow of the supplied gas. The controller function is an in-built PI-controller in the software Logo8! 

Soft Comfort tuned to suit the system. The simple control function is illustrated in Fig. 7 , where the 

function block (High) sets the proportional and integral (PI)-controller (B002) in automatic mode, (I2) 

can be connected to a physical button which resets the PI-controller, (AI1) is the analog signal from 

the dew point transmitter and (B001) is an amplifier used to offset the output signal (AQ1). 

The setting of the controller parameters depends largely on the characteristics of the system, i.e., 

the nature of humidity, the amount of leakage of the test chamber and the maximum flow of supplied 

gas. The gas flow is determined from the pressure range of the pressure regulator and the size of the 

orifice in the restrictor valve. To be able to control the humidity by the change of supplied gas flow, 

some amount of leakage or a designated outlet port needs to exist in order to evacuate excessive 

moisture or draw in external moisture based on needs. This humidity controller was meant to be 

used continuously for long periods. Therefore, the gas consumption needed to be minimized, whereof 

the test setup was designed to allow a very limited leakage. 

A controller system that could both handle the initial big difference between the process value (PV) 

and setpoint (SP), namely the controller error, during start-up and also smoothly tackle disturbances 

in the system proved to be hard to find due to the characteristics of the system. Reducing humidity 

takes time, reaching a moisture content of as low as 10 ppm takes several hours to reach from a 

humid state if a vacuum chamber and vacuum pump are not utilized. Water gets stuck in the filters 

and possibly in nooks in the test setup, making it a time-consuming process to reach trace moisture 

levels. To achieve a smooth and reliable controller at trace moisture levels the system needed to be 

flushed with nitrogen until the moisture content was reduced to about 70–90% of the target value. The 

initial flushing was executed in two steps; first flushing at full flow for some tens of seconds with the 
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Fig. 8. Performance of humidity controller with K p = 10 and T i = 40 min. 

regulator set to about 0.05 to 1 bar just prior to fully sealing the climate chamber with flexible plastic 

and tape, and lastly by reducing the flow and keeping a slight overpressure after the chamber is fully 

sealed. The duration of the second step depended on the initial conditions and the setpoint and could 

vary between some tens of seconds to several minutes. The gas flow in the second step was adjusted 

with the ball valve by slowly opening it until the flexible plastic seal expanded slightly due to the 

overpressure in the climate chamber. 

The Ziegler-Nichols method [16] was initially used to tune the humidity controller. The tuning 

with this method is basically done by setting the integration time to the maximum value to remove 

the integral gain and then increasing the proportional gain until oscillation occurs, namely the 

critical gain. The critical gain and resulting period of the oscillation are then used to calculate the 

proportional gain and integral time. Due to the high inertia of the humidity controlling system, the 

period of oscillation was up to several hours making the critical gain hard and time-consuming to 

find. Therefore, the Ziegler Nichols method was only used as a rough pre-tune to get initial parameter 

values. The controller was then fine-tuned by trial and error, which required ample understanding 

of the characteristics of the complete humidity controller and the impact of each of the controller 

parameters. 

Due to the characteristics of the system, a short integral time T i enabled the controller to 

increase the output too much before the set point was reached, causing excessive over-shoot. A high 

proportional gain K p led to a fast controller but problems with oscillations and instability. After a 

lot of testing and tuning two satisfactory settings were found for different purposes. With K p = 10 

and T i = 40 min, a relatively fast controller was achieved. With this setting, humidity changes were 

corrected for quickly and almost straight humidity curves could be achieved for the three tested 

humidity levels seen in Fig. 8 and a maximum error of less than 10%. The humidity was converted to 

moisture content in parts-per-million by volume (ppm V ) using the saturation vapor pressure formula 

given by Huang [17] . 

A lower proportional gain of K p = 3 and shorter integral time T i = 10 min resulted in a slower 

controller with a more visible system response. The humidity could still be held within a few ppm V 

of target humidity, but for this setting, signs of humidity influencing phenomena became evident. In 

Fig. 9 , the increase of humidity could be directly connected to momentary periods of severe wear of 
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Fig. 9. Obtained humidity changes due to tribological actions for controller settings K p = 3 and T i = 10 min . 

a certain polymer composite as indicated by the sharp drops in the displacement curve. This could 

indicate that water molecules were incorporated or absorbed in the tested polymer composite. 

The fast controller settings resulting in the straight humidity curves in Fig. 8 may seem like the 

best option for accurate control of the humidity. However, the more aggressive changes in the output 

together with the relatively long delay before changes are sensed by the dew point meter could 

cause unnoticed fluctuance in the humidity in the climate chamber. The output changes with the 

slow controller are smoother, which reduces possible fluctuance and by that creating a more reliable 

system. 

An important modification to the PI regulator was to add a gain, B002 in Fig. 7 , to the output 

signal to positively offset the signal to prevent the E/P pressure regulator to fully close. The dew 

point measurement is not instantaneous and it takes some time for humidity changes in the climate 

chamber to be registered by the dew point meter. A fully closed valve leads to zero over-pressure 

in the test chamber and humid air is sucked into the sliding environment causing unstable friction 

behaviour for materials sensitive to humidity. The gain was adjusted to keep the pressure regulator at 

a minimum opening at the minimum output, which eliminated this unwanted behaviour. 

The humidity controller has been tested in a range of 10 to 100 ppm v with excellent results. 

Humidity levels down to 5 ppm v are most likely achievable but for levels above 100 ppm v a 

humidifier is needed to get stable humidity. A simple and inexpensive solution can be used to 

humidify the climate chamber and still enable control by the flow of supplied gas. By putting 

a saturated salt solution in a wide-bottomed glass container with a gas-tight lid with two tube 

connectors, the gas can be humidified on its way back from the dew point meter by connecting the 

salt solution container between the circulation pump and climate chamber. However, this method 

would need some trial and error to choose an appropriate salt and sufficiently large surface area 

between the saturated salt solution and gas. One approach would be to choose a saturated salt 

solution [12] that provides a humidity higher, but as close as possible, to the target humidity and 

then stepwise increasing the exchange surface area until the rate of humidification is large enough 

but still controllable. 

As seen in Fig. 10 , the humidity controller is designed as a portable unit with all the equipment 

except the PLC mounted on a sheet of metal with table clamps. Therefore, the controller can easily be 



P. Johansson, K. Kalliorinne and P. Marklund et al. / MethodsX 8 (2021) 101362 15 

Fig. 10. Final assembly of the portable humidity controller. 

moved and used with other enclosed test rigs or climate chambers with minimal modifications. The 

humidity controller has only been tested with nitrogen but other inflammable gases can be used too. 

The low gas consumption makes it affordable to use more expensive gases such as helium. 

The humidity controller could easily be upgraded to also measure the amount of oxygen in the test 

chamber by installing a trace oxygen sensor in series with the dew point meter. E.g., the thermocouple 

fitted between the filter rack and dew point meter, Fig. 9 , has proven to be redundant in most cases 

and could therefore be replaced by an oxygen sensor. 

Concluding remarks 

The developed method for controlling humidity at trace moisture levels has proven to be accurate, 

stable and well-functioning. Due to the simplicity and portability, the humidity controller can be 

moved and optimized to measure and control the humidity in most enclosed tribometers and climate 

chambers. Components can also be added or replaced to fulfill special requirements such as measuring 

the amount of oxygen in the gas, supply a mixture of two gases or control higher humidity levels than 

described in this paper. 

For tribotesting, it is important to conduct tests under operating conditions similar to the 

actual application. Contact temperatures in sliding systems are often difficult to measure, wherefore 

thermodynamic simulations can be used to approximate the contact temperature from known 

parameters. The thermodynamic simulation method described in this paper has provided valuable 

information of the contact temperature and thermal transfer in and out of the test setup, e.g., the 

insignificant temperature difference between the near-contact thermocouple and the contact. The 

thermodynamic simulation model was validated with different inputs and temperature measurements 

from two separate locations to certify that the model is compliant with the real test setup. The results 

showed that the difference between measured near-contact temperature and contact temperature 

follows a linear relation with the friction torque, where Eqs. (3) and (4) can be used to approximate 

the average and maximum contact temperature using the friction torque and measured temperature 

as inputs. For test conditions promoting high friction coefficients, Eq. (3) can be used to calculate the 
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difference between average contact temperature and measured near-contact temperature and use the 

result to compensate the temperature setting of the near-contact temperature to achieve the desired 

contact temperature. 

Similar methodology can be used to develop thermodynamic simulation models for contact 

temperatures in other types of tribometers, given that near-contact temperatures are possible to 

measure and additional measurement points that can be used to optimize and validate the model. 
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Effect of humidity and counterface material on the friction and wear of 
carbon fiber reinforced PTFE composites 

Pontus Johansson *, Pär Marklund, Marcus Björling, Yijun Shi 
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A R T I C L E  I N F O   
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A B S T R A C T   

The tribological performance of PTFE composites is affected by both the composition of the counterface material 
and the sliding environment. However, no comprehensive investigation has been conducted on the combined 
effect of the humidity and counterface material on PTFE composites. This study investigates the tribological 
behavior of carbon fiber reinforced PTFE composites sliding in a dry nitrogen environment at different humidity 
levels. Experiments were conducted in an enclosed tri-pin-on-disc tribometer against two different metallic 
counterface materials. Tests in laboratory air were used for comparison. Results indicate that the tribological 
performance of carbon fiber reinforced PTFE composites are sensitive to environmental changes. The impact of 
humidity on both the coefficient of friction and specific wear rate was up to about 40%.   

1. Introduction 

Polytetrafluoroethylene (PTFE) composites are common materials 
for seals and piston rings in unlubricated Stirling engines and recipro-
cating gas compressors in plants and fuel cell vehicles. Commonly, the 
PTFE composites in such applications have to endure high sliding ve-
locities, elevated interface temperatures and dry gaseous media, such as 
hydrogen or helium [1–3]. 

Since the wear resistance of pure PTFE is poor, PTFE composites are 
of greater industrial importance in wear applications than pure PTFE. 
However, the effect of humidity on the wear of pure PTFE is more 
studied than its composites. Pure PTFE is known for its low friction and 
high wear, attributed to its low intermolecular cohesion and ability to 
form a thin transfer film onto its sliding counterpart. The frictional 
behavior of PTFE sliding against steel is also asserted to be insensitive to 
humidity and sliding environment due to its low chemical reactivity [4, 
5]. The influence of humidity and gaseous media on the tribological 
performance of pure PTFE has been studied by several researchers 
[5–8], where results have shown that the sliding environment affects 
wear more than friction. Mcnicol et al. [6] investigated the wear of pure 
PTFE sliding against stainless steel in humid environments with relative 
humidity ranging from 10% to 100%. They noted that the wear 
increased with humidity and that no protective transfer film could form 
in high humidity, whereas a thick transfer film was formed in the lower 
humidity conditions. The wear was two to three times higher in 

saturated humidity compared to the lowest humidity. Similar results 
were noted by Haidar et al. [7], where the wear rate of unfilled PTFE 
sliding against stainless steel in humid air (30 %RH) was a few times 
higher than that in dry nitrogen (<0.05 %RH). Sawae et al. [5] pre-
sented comparable wear rates for PTFE sliding against austenitic stain-
less steel in wet and dry air. Though, with an indistinguishable effect of 
humidity. However, mild wear was achieved when sliding in dry argon 
and hydrogen, where the wear rate was several orders of magnitude 
lower than that in air. The counterface material was also proved to have 
a large impact on the wear rate, where the lower carbon content in the 
SUS316L counterface compared to the SUS316 generated a notable 
decrease in wear. Other researchers have noted a similar effect for 
polymer composites, where a change of the counterface material altered 
the effect of the gaseous environment on the tribological properties of 
the composite [2,9]. There are too many uncertainties and differences 
between the studies to be able to compare the results, but they do 
indicate that both gaseous media, humidity and counterface material 
may have an effect on the wear of PTFE. 

Generally, the effect of humidity on friction and wear is much higher 
for polymer composites than pure polymers [10]. The complexity and 
diversity of polymer composites cause different compounds to react 
differently to changes in the operating conditions and environment. 
Where some materials, as PTFE-alumina composites, perform best in 
humid environment [11–13], and other polymeric materials, such as 
carbon-filled PEEK composites, usually need an absolutely dry 
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environment to achieve low friction and wear [14–16]. Additionally, 
similar differences have been observed for various composites in vac-
uum, where both increased and decreased wear has been noted 
compared to humid air when sliding against a metallic counter part 
[16]. 

An extensive study of the influence of environmental humidity and 
type of gas on the wear of PTFE composites was conducted in 1971 by 
Schubert [2]. The tests were mainly carried out with gray cast iron as 
counterface material and over a span of about 0.1–10 000 ppm moisture 
content. Results proved that both the type of gas and its humidity largely 
affects the wear of PTFE composites. In general, carbon-filled PTFE 
composites had over an order of magnitude higher wear in both air and 
oxygen than in nitrogen and helium for comparable humidity levels. In 
air the wear steadily rose with increasing humidity, whilst for helium 
and nitrogen, the wear was more stable over the range of tested hu-
midity. However, for some carbon-filled PTFE composites, a sharp in-
crease in wear was noted for the driest conditions in helium, nitrogen 
and air, at humidity levels below 10 ppm moisture. Tests were also 
carried out on 13% chrome steel where the wear in air of all PTFE 
composites was notably higher than for tests on cast iron. Although, 
results are only shown from tests in air for the chrome steel, Schubert 
mentioned that for nitrogen and helium the difference in the wear of 
carbon-filled PTFE composites was insignificant compared to cast iron 
tests in two cases, and higher in one case [2]. Thus, it seems as, not only 
the effect of humidity but also the effect of gaseous media may be altered 
by the counterface material, proposing a dependency between coun-
terface material and sliding environment on the wear of PTFE 
composites. 

A similar study was conducted the same year by Fuchsluger [17] 
where the wear of carbon-filled PTFE sliding against gray cast iron was 
investigated in air and nitrogen at different humidity. In accordance 
with results from Schubert, the humidity in a nitrogen environment did 
not have a large impact on the wear over the range of about 3 ppm in 
moisture content up to saturation. However, at around 67 ppm moisture 
the wear peaked and was about twice as high as any other tested 

condition. For air, similar wear behavior as for Schubert was noted, 
where the wear was higher than in nitrogen and increased with 
humidity. 

Kojima et al. studied the friction of carbon fiber filled PTFE sliding 
against SUS440C in nitrogen at various moisture contents ranging from 
1.3 ppm to 60 ppm. The results indicated that the friction increased with 
the humidity of the nitrogen. Moreover, only the transfer of carbon from 
the PTFE composite was evident from surface analysis, proposing that no 
adhesion of PTFE onto counterface took place. The transfer of carbon 
was suggested to contribute to the low friction since the area fraction of 
the carbon layer was higher for the lower trace amounts of water [18]. 

Gray cast irons and nodular cast irons, containing graphite flakes and 
spherulites respectively, are both common materials for cylinder liners 
in internal combustion engines due to their high wear resistance and 
self-lubricating properties. The advantageous tribological properties are 
assessed to the formation of a protecting and lubricating graphite film 
under sliding with a metallic or ceramic counterpart [19,20]. A lot of 
research has been conducted to understand and develop cast irons as 
cylinder liner materials for conventional internal combustion engines. 
However, there is a lack of studies investigating the suitability of cast 
iron cylinder liners for unlubricated gas compressors and Stirling en-
gines using polymer composites as piston ring materials. Hypothetically, 
the graphite film could prevent the formation of a strong and homoge-
neous transfer film on the cast iron. However, there are studies contra-
dicting that a graphite film would form in a polymer composite/cast iron 
sliding systems due to the relatively low contact pressures [20–22]. 

Clearly, there is no easy answer on how the environment affects the 
wear and friction for polymers and polymer composites sliding against 
metal. The environment does not always provide a certain effect for a 
specific polymer composite. Previous studies indicate that, depending 
on the chemical composition of the counterface different environmental 
effects can be achieved. However, some distinct trends seem to hold. For 
carbon-filled PTFE, lower wear is achieved in helium and nitrogen 
compared to air, regardless of the humidity. Moreover, the effect of 
humidity on the wear, and the wear rate itself, in nitrogen and helium 

Fig. 1. Schematic illustration of environmentally controlled pin-on-disc tribometer.  
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for named material group seems to be closely related. The wear behavior 
of carbon-filled PTFE in hydrogen may possibly also be comparable to 
nitrogen and helium [1]. 

It is obvious that the sliding environment and counterface material 
can have a significant effect on the tribological performance of polymers 
and its composites [2,5,9], but there is no comprehensive study, up to 
this date, investigating the dependency between counterface material 
and humidity on the wear and friction of carbon-filled PTFE composites. 
This study was therefore conducted to investigate the interdependency 
of humidity and counterface material and their influence on the tribo-
logical behavior of carbon fiber reinforced PTFE composites in dry 
unlubricated sliding conditions. Since cast iron has been used in earlier 
studies [2,17] and is still used in some related applications, it was 
considered useful to evaluate a cast iron as a counterface material for 
polymer composites. For comparison, an alloy steel was tested which 
could, due to its good hardenability and machinability, be a good 
candidate as a cylinder liner material in low humidity environments. 
Present study shows a clear dependency between the effect of humidity 
and the effect of counterface material on the wear of carbon fiber 
reinforced PTFE composites which has not been fully understood in 
previous papers. 

2. Experimental method 

2.1. Test setup 

For the dry sliding tests, a Plint TE92 microprocessor-controlled ro-
tary tribometer from Phoenix Tribology Ltd was used. The test setup was 
essentially a custom-built self-aligned tri-pin-on-disc configuration with 
a concentrically mounted capacitance displacement transducer (CDT) 
for precision in-situ wear measurements. The CDT had a measuring 
range of 0–2 mm, with a non-linearity less than ±0.1% at full-scale 
output, a resolution of less than 0.5 μm and, from the principle of 
operation, no mechanical hysteresis. The restricting performance 
parameter of the sensor was the noise which, at a typical probe-target 
distance of 1 mm, was about ±1 μm. The counterface disc was fixed in 
the test chamber and the three test pins were mounted in the revolving 
test pin holder, see Fig. 1. The near-surface temperature of the coun-
terface disc was controlled by a Type K thermocouple (TC) that was 
inserted in a hole 1.5 mm below the surface of the disc, in the middle of 
the wear track. Thermodynamic simulations of the test setup, described 
elsewhere [23], indicates that the temperature difference between the 
measuring point and the sliding contact zones is relatively low. For a 
near-surface temperature of 80 ◦C and a coefficient of friction below 0.2, 
the contact zones were less than 5 ◦C higher than at the measuring point. 
Therefore, the temperature difference was considered insignificant in 
this study. The TC is indicated in Fig. 1 as a rod with a standard green 
plug. Two heat cartridges added the required heat to the test setup to 
fulfill the preset near-surface temperature. 

The tribometer had a wide span of operable rotational speeds 
ranging from 60 to 3000 rpm. With a mean radius of 25 mm in the 
sliding interface, corresponding linear velocities of 0.2–7.8 m/s could be 
achieved. 

With interchangeable pneumatic bellows actuators, a load of 20 to 
10 000 N could be applied to the test pins, which with pins of 8 mm in 
diameter corresponds to 0.2–66 MPa in contact pressure. 

The environment in the test chamber was nitrogen, where the sup-
plied nitrogen had a purity of 99.996%. Since nitrogen and helium seem 
to give similar wear behavior [2], nitrogen was used instead of helium 
for the reason of personnel safety and availability. The humidity in the 
test chamber could be controlled down to, at least, − 60 ◦C dew point 
with a controller error of less than ±1 ◦C dew point. The accuracy of the 
dew point meter was ±2 ◦C dew point. Due to the high temperature 
inside of the test chamber the dew point was measured externally in a 
sampling block. The gas was circulated between the test chamber and 
sampling block at a flow rate of 2 Nl/min, to enable a good mixture of 

the gas in the chamber. The dew point temperatures were converted to 
moisture content in ppm by volume. 

Prior to testing, the test chamber was flushed with nitrogen to purge 
excessive humidity and oxygen. Simultaneously, the test chamber was 
sealed against the bearing housing with flexible plastic and tape. In 
order to make it possible to control the humidity by the flow of nitrogen, 
a tiny amount of leakage was allowed. After flushing, the nitrogen 
supply to the system was closed-loop controlled using the 0–10 V signal 
from the dew point meter as process value. To eliminate the risk of 
unwanted friction behavior the humidity controller was modified to 
never fully cut the nitrogen supply, meaning that the minimum output 
from the controller equaled the minimum opening of the electronically 
actuated valve. 

2.2. Materials and material preparations 

Two polymer composites were used in the study, material A and B. 
Material A is a special blend industrially used in sliding applications in 
high purity gas environments. The material is mainly consisting of 
polytetrafluoroethylene (PTFE) and short carbon fibers (CF), with 
random-oriented fibers. Material B is a commercially available PTFE 
composite, containing 75% PTFE and 25% CF, also with short random- 
oriented fibers. Information about the polymer materials is compiled in 
Table 1. The test pins of each material had a diameter of 8 mm and an 
initial length of 10 mm. 

The counterface materials were a ductile cast iron (DI), GJS-500-7C, 
with nodules of graphite and a 34CrNiMo6 alloy steel (AS). GJS-500-7C 
is industrially used as a counterface material for polymer composites in 
sliding applications. The DI was supplied as a continuously casted rod 
and was then machined to discs. The DI discs were water quenched at 
840 ◦C and then tempered for 2 h at 430 ◦C, achieving a hardness of 425 
HV30. The 34CrNiMo6 alloy steel had a similar hardness of 460 HV30, 
as-supplied, and was prepared in a similar manner as the DI discs but 
without undergoing any heat treatment. Information about the two 
counterfaces is compiled in Table 2. 

In order to achieve a reproducible and conformed sliding contact, 
specimens and counterface disc were carefully prepared prior to each 
test. For each counterface disc the surface was grinded to an average 
surface roughness of Ra = 0.11 ± 0.02 μm and Rz = 1.8 ± 0.2 μm. The 
surfaces were manually ground in 8-motions on a diabase table with 
different grades of SiC papers; starting with 240 grade followed by 400 
grade and then finished with 1200 grade. All discs were ground just 
prior to testing with new SiC-paper to minimize the oxidation of the 
surface. The surface roughness was measured with a Wyko 1100 optical 
profiler, using scanning white light interferometry, at ×10 magnifica-
tion to assure that roughness criteria were fulfilled. If needed the 
grinding procedure was repeated until correct surface roughness was 
achieved. To get rid of any loose particles from the grinding the disc 
were ultrasonic cleaned in ethyl alcohol. 

The polymer composite specimens were baked in an oven for at least 
2 h at 110 ◦C to evaporate any absorbed water, just prior to test. The pins 
were only loosely fixed to the pin holder at first. After the pin holder had 
been mounted inside the test setup a load was applied on the pins, 
aligning them against the counterface before the pins were completely 
locked in position. For complete conformity, pins were ground in-situ. 
This was done under a constant sliding velocity of 1.3 m/s with two 

Table 1 
List of PTFE composites.  

Pin material Composition Fiber 
orientation 

Initial surface 
roughness 

Denotation 

CF-PTFE 
composite 

Special blend Random Ra = 1 ± 0.2 μm, 
Rz = 30 ± 5 μm  

A 

CF-PTFE 
composite 

25% CF 75%, 
PTFE 

Random Ra = 1 ± 0.2 μm, 
Rz = 30 ± 5 μm  

B  
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grades of SiC-papers, first 800 grade for 40 s, and then 1200 for 30 s. The 
loads were 30 N and 20 N, respectively. Afterward, the pin holder was 
detached from the spindle and the pins were briefly rubbed with 8-mo-
tions on 1200 grade SiC-paper to diminish wear scars in direction of 
sliding. The surface roughness after the preparations was similar for all 
test pins and can be seen in Table 1. 

2.3. Experimental conditions and data processing 

The experiments were conducted at a sliding speed of 2.2 m/s, a 
nominal contact pressure of 2 MPa and a near-surface temperature of 
80 ◦C. The dew point was held at three different levels; − 60 ◦C, − 55 ◦C 
and − 45 ◦C. Converted moisture content is 11, 21 and 72 ppm respec-
tively. These environmental conditions were tested for both counterface 
material AS and DI with material A and AS with material B. A live graph 
was used to actively monitor the dew point during tests and the data was 
continuously logged to verify controller performance through post 
processing. Reference tests were also conducted in uncontrolled labo-
ratory air for material A on both AS and DI. 

The test sequence can be divided into four steps; (1) unheated run-in 
procedure, (2) controlled heating of the counterface, (3) run-in of the 
heated condition and lastly (4) steady-state conditions, from which the 
data was collected. The typical characteristics of the friction and near- 
surface temperature for each step with material A sliding on an AS 
counterface can be seen in Fig. 2. 

The total sliding distance before steady-state conditions occurred 
varied between 45 and 80 km depending on material pair and operating 
conditions. The duration of the steady-state step was at least 240 km for 
all tests, depending on the run-in length, with a sample rate of 0.1 Hz. 
For the reason of simplicity and conformity, the evaluated data for each 
test were extracted from a sliding distance of 80 km–320 km. Every test 
condition was repeated at least once. Most of the tested conditions could 
be repeated with less than 10% variation in average coefficient of fric-
tion and wear, which was considered sufficient. If the variation of 
repeated tests exceeded 10%, additional tests were executed. The 

coefficient of friction was directly derived from the contact load and 
friction torque measurements in the data acquisition software. From the 
CDT the displacement over sliding distance was acquired which was 
linearly approximated to wear rate, ẇd [μm/km], see Fig. 3. The nega-
tive sign of the displacement is generally indicating wear. However, the 
wear curve was always set to 0 when steady state conditions were 
reached in step (4). Everything that happens before steady state are a 
combination of wear and thermal expansion as indicated by temperature 
and wear curve following each other. Step (3) was also excluded from 

Table 2 
List of counterface materials.  

Material Chemical composition Description Hardness Surface roughness Denotation 

GJS-500-7C 3.5%C, 2.5%Si, 0.15%Mn, 0.015%P, 
0.01%S, 0.1%Cu, 0.04%Mg 

Ductile cast iron 425 HV30 Ra = 0.11 ± 0.02 μm  DI 
Rz = 1.8 ± 0.2 μm  

34CrNiMo6 0.35%C, 0.25%Si 0.8%Mn,0.015%P, 
0.03%S, 1.5%Cr, 1.5%Ni, 0.2%Mo 

Alloy steel 460 HV30 Ra = 0.11 ± 0.02 μm  AS 
Rz = 1.8 ± 0.2 μm   

Fig. 2. Illustration of steps in test sequence and their typical characteristics for 
material A sliding on an AS counterface. 

Fig. 3. The run-in wear (1) was calculated by subtracting the displacement 
after running-in with a displacement value from the first few kilometres of the 
test with equal near-surface temperature. The steady-state wear rate (4) was 
calculated by linear approximation of wear data. (Note that extracted data were 
taken from 80 km to end of test, not from 50 km) 

Fig. 4. Explanation of the calculated wear rates. The average wear rate was 
linearly approximated from the whole data set. The continuous wear rate was 
the average of linearly approximated segments of continuous wear. 
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the wear rate calculations, even though the near-contact temperature 
was relatively stable. The sliding system was adapting to the elevated 
temperature during this step and the friction coefficient went through 
changes. 

From the linear approximated wear rate the specific wear rate, ẇs, 
could be derived from 

ẇs =
ẇd

106⋅P
, [mm3 /Nm] (1)  

where P is the nominal contact pressure in MPa and 106 is the common 
conversion factor to change μm to mm and km to m. 

The PTFE composites shared a distinct wear behavior during steady 
state conditions, where mild wear rate were intermittently followed by 
short periods of severe wear. Therefore, two specific wear rates were 
calculated to differentiate the average wear rate with the continuous 

wear rate. The average wear rate was linearly approximated using all 
extracted data, i. e the average wear rate during steady-state conditions. 
The continuous wear rate was calculated by averaging the linearly 
approximated wear rates of the segments of continuous wear. The two 
wear rates are explained in Fig. 4 from a test of material B sliding against 
an AS counterface in 11 ppm moisture. In this particular example the 
average wear rate was 4.34e-8 mm3/Nm and the continuous wear rate 
was 1.33e-8 mm3/Nm. 

To better understand the underlying mechanisms behind the 
described wear behavior, tests were repeated and terminated at different 
stages of this dynamic process to analyze the topographic changes of the 
transfer film and the sliding surface of the test pins. As shown in Fig. 4, 
the momentary periods of severe wear were connected to friction peaks 
as indicated by the peaks in the temperature curve. Therefore, the co-
efficient of friction was used as a steering parameter to terminate the 
tests at the right moments instead of the displacement, since the 
displacement is changing constantly. Tests were stopped at four 
different positions, illustrated in Fig. 6; at steady friction before a fric-
tion peak, in the beginning of a friction peak (ascending coefficient of 
friction), at the top of a peak and in the end of a friction peak 
(descending coefficient of friction). These tests were conducted with 
material A and AS counterface at 72 ppm moisture. All tests were 
stopped at step (4), close to or during the second friction peak. For the 
test stopped before a friction peak, the sliding distance between the first 
peak and the termination of the test was decided according to prior tests 
to get arbitrary close to a friction peak. The surfaces of the pins and 
counterface subject to sliding, were analyzed by white light interfer-
ometry, microscope and digital photographs. 

The wear during run-in (1) for different material pairs was 
compared. To compensate for thermal expansion due to frictional 
heating, the wear was calculated from the difference in displacement for 
two data points with the same near-surface temperature. One at 20 km, 
between step (1) and (2), and one from the beginning of the test with the 
same temperature. See Fig. 3 for clarification. The calculation of the run- 
in wear does not follow any standard procedure and was only used to get 
relative values for comparison between tests. 

3. Results and discussion 

The influence of humidity in nitrogen on the average coefficient of 
friction and wear is plotted in Fig. 5. For the tested humidity range, the 
humidity had no significant influence on the friction for tested materials 
when sliding against AS disc. The coefficient of friction was around 0.05 
for all tests in nitrogen with AS as counterface material. This is consis-
tent with the environmentally insensitive friction behavior for pure 
PTFE against steel stated by other researchers [4,5]. On the contrary, for 
tests with material A run against DI the humidity did affect the friction, 
where the difference between the highest coefficient of friction (0.17 at 
72 ppm moisture) and the lowest (0.12 at 21 ppm moisture) was 39%. 
The humidity had an inverse influence on the wear of material A against 
DI, where the highest steady-state wear of 4.0e-8 mm3/Nm in average 
was noted for 21 ppm moisture and the lowest steady-state wear of 2.7 
mm3/Nm in average was noted for 72 ppm moisture. For material A 
sliding against AS there was an obvious trend where wear increases with 
moisture content, with a lowest steady-state wear rate of 2.4e-8 
mm3/Nm in average and a highest steady state wear rate of 3.6e-8 
mm3/Nm. For material A sliding against DI and AS, the effect of hu-
midity caused a maximum difference in steady state wear rate of 37% 
and 43% respectively. As opposed to material A, material B showed a 
negative wear trend when sliding against the AS counter face, where the 
steady-state wear rate decreased with an increase of humidity. For 
material B, the effect of humidity caused a maximum difference in 
steady state wear of 31%. 

As opposed to Fuchsluger [17], the lowest wear was achieved at 
around 70 ppm moisture for the DI counterface, not the highest. How-
ever, similar to this study, Fuchsluger observed the highest wear in 

Fig. 5. Friction and wear as a function of moisture content for different 
counterface materials and polymer composites where the markers indicates the 
average values of repeated tests and the spread-bar indicates the maximum and 
minimum values within repeated tests. In the wear plot, the solid line represent 
the steady state wear rate and the dashed line the continuous wear rate. 
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between the span of tested humidity levels, not at an endpoint. 
Regarding the suitability of using ductile cast iron as counterface ma-
terial, it seems to depend on the humidity conditions and whether 
friction or wear is the most important parameter. For the tested range of 
humidity, the AS counterface delivered a more predictable wear rate and 
much lower friction compared to DI. However, if only wear was of in-
terest, DI seems to be better suited as a cylinder liner material than AS at 
higher humidity, from 72 ppm and above. Though, more humidity levels 
above 72 ppm would need to be tested to assure the low wear rate at 
higher humidity. 

In Fig. 6, typical topography is shown of the contact surface of ma-
terial A after stopped at different times, where each stop corresponded to 

different positions on the friction curve before and during a friction 
peak. Each of the topographic images shown in Fig. 6 were taken from 
separate tests, one for each stop position, with repeated test conditions. 
The typical topographies were selected for each stop position from a set 
of images taken from the middle section of the sliding surface of the 
three test pins, where several images were taken on each test pin. The 
tests were conducted against AS counterfaces and in 72 ppm moisture. 
Average values on surface roughness parameters Ra and Rz of the 
counterface and pins for each stop position are compared in Fig. 7. 

At steady friction, position 1 in Fig. 6, the sliding contacts are at 
equilibrium. The polymer composite pins at position 1 were character-
ized by fiber rich contact surfaces with evenly distributed fibers 

Fig. 6. Topography of the sliding surface of material A for repeated tests stopped at different positions, marked with X, before and during a friction peak. The shown 
friction curve is an arbitrary curve for the specific test condition and is only used for descriptive purposes. White arrows indicate sliding directions. 

Fig. 7. Surface roughness of the material A test pins and AS counterface at the different positions before and under a friction peak defined in Fig. 6.  
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protruding from the matrix, which is typical for polymer composites 
during steady state sliding wear [24,25]. 

The topography of the contact surfaces of material A sliding against 
AS went through significant changes between the different stop posi-
tions. The initiation of the friction peak and the transient stage of severe 
wear could possibly be due to surface fatigue, caused by frictional stress 
and frictional heating which initiate and propagate cracks on the sur-
face, ultimately leading to ejection of large particles from the surface of 
the composite. This, in turn, triggers a series of actions leading to the 
regeneration of a stable sliding interface. By comparing the size of the 
polymer composite wear particles on the transfer film in Fig. 8a with 
those in Fig. 8b, it was seen that wear particles were much larger at 
position 2 than at position 1 which can be seen in Fig. 8a and b. This 
could indicate of a transition from mild wear to severe wear. Signs of 

fatigue and severe wear can also be seen by the large blue segment in the 
topography of the polymer composite at position 2 in Fig. 6. The sig-
nificant decrease in roughness of the transfer film at position 2, Fig. 7, 
could be explained by three-body abrasion caused by abrasive wear 
particles. As shown by Fuller and Tabor [26], the adhesion between an 
elastic body and a rough surface increases with decreasing roughness. 
This could possibly explain the change in topography of the pins be-
tween position 2 and 3, where the matrix in the latter appear to have 
worn extensively, leaving a lot of fibers seemingly without support. The 
relatively high frictional shear stress was probably causing debonding of 
the most protruding fibers, resulting in a surface with more even dis-
tribution of fibers and an excess of matrix in the surface layer initiating a 
new run-in. As seen in Figs. 6 and 7, the topography and roughness at 
position 1 and 4 are fairly similar to each other, indicating a transition 
back to mild wear. 

Fig. 9, shows the friction behavior of specimen A for each humidity 
level and counterface material. As explained above, the friction peak 

Fig. 8. AS counterface at high and low magnification for tests stopped at 
different positions before and during a friction peak. Micrographs are taken on 
areas with the highest concentration of wear debris (in front of the sliding pins). 

Fig. 9. Frictional behavior for specimen A when sliding against AS and DI at 
different humidity levels. 
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and valleys were connected to momentary periods with severe wear. 
This can be confirmed by comparing the wear data from Fig. 5b with the 
number friction peaks in Fig. 9 for each humidity level. A close relation 
between the number of friction peaks and the steady state wear rate can 
be seen, at least for tests against DI, indicating that a higher number of 
friction peaks are linked to higher wear. The friction behavior was also 
more even for the lower wear conditions. For example, the friction for 
the test at 21 ppm moisture against the DI counterface never reached an 
equilibrium contrarily to the test with the lowest wear against the DI 
disc which quickly reached a steady coefficient of friction. 

As seen in Fig. 5b, the steady-state wear rate of material B varied a lot 
for repeated test conditions. However, the continuous wear rate was 
lower and far more consistent than the steady-state wear rate, suggest-
ing that the wide spread in wear could be attributed to the seemingly 
fortuitous occurrence of the friction peaks and the varying severity of 
the transient wear during the friction peaks. This idea was supported by 
the run-in wear, Fig. 10, which, for material B, was quite high and erratic 
compared to the run-in wear of material A. The difference between 
steady-state wear and continuous wear in Fig. 5b for the tested materials 
conform with the run-in wear, where the material pair with the lowest 
run-in wear, material A on DI, also had the smallest difference between 
continuous and steady-state wear rate. Therefore, the transient severe 
wear during the friction peaks was, presumably, directly related to the 
run-in wear. 

The results for how environmental moisture affects the run-in wear 
are coherent. All material pairs had a higher run-in wear for higher 
humidity, although, it was most evident for material B. By looking at the 
spread-bar, it appears that for higher humidity the run-in wear also got 
more unpredictable. However, no relation has been found between hu-
midity and duration of run-in or surface temperature. No simple 
explanation could therefore be found regarding the increase of run-in 
wear with higher humidity. The higher run-in wear of material B 
compared to material A could possibly be explained by a lower abrasion 
resistance. Material A is a more advanced wear material, meaning that it 
probably has some filler or special production method that provides 
improved abrasion resistance and higher homogeneity compared to the 
simpler material B. 

The mechanisms governing the peculiar wear behavior of the PTFE 
composites involving transient periods of severe wear of various severity 
are not well documented but is, as shown, sensitive to changes of both 
environmental conditions and properties of the material pair. This paper 
propose a fundamental explanation of this wear behavior in which 

surface fatigue is suggested to induce the temporary severe wear. 
However, more extensive analysis in SEM and EDX of both the coun-
terface and polymer composite at the different positions before and 
during a friction peak are needed to validate the proposed theory. With 
better understanding of the mechanisms involved, polymer composites, 
environmental conditions, surface roughness or other operating condi-
tions could be optimized to reduce the occurrence and severity of the 
periods with severe wear. This would lead to more predictable tribo-
logical systems and prolong service life in the end-use applications. 

Reference tests conducted in laboratory air, with a relative humidity 
between 20 and 45%, did all fail within 5 h due to exceeding of the set 
torque limit in the test rig. Both tested material pairs reached a friction 
coefficient of 0.45 or higher and no equilibrium were reached. That is 
approximately three times higher friction than tests in nitrogen on a DI 
counterface and over nine times higher friction than tests in nitrogen on 
an AS counterface. The same trend could be seen in terms of wear, where 
the laboratory air tests had five to ten times higher wear than tests 
conducted in a nitrogen environment, with estimated specific wear rates 
ranging between 1.8e-7 and 2.5e-7 mm3/Nm. The tests never reached 
steady state conditions since the temperature was constantly increasing. 
Since the wear measurement was affected by thermal expansion, ap-
proximations of the wear rate had to be done by roughly compensating 
for the thermal expansion which reduced the accuracy of the calculated 
wear rate significantly. To prevent damage on the test setup, higher 
torque limits were not tested. Therefore, longer test duration could not 
be achieved for tests conducted in laboratory air. The high coefficient of 
friction and wear achieved in the humid environment shows both 
incoherence and coherence with previous studies. For 35% carbon filled 
PTFE sliding at similar operating conditions against stainless steel, Unal 
et al. [27] found a coefficient of friction close to 0.1 and a specific wear 
rate in the same order of magnitude as the tests in nitrogen in present 
study. Hence, both wear and friction were much higher in the present 
study. The big difference could be explained by the difference in average 
surface roughness. In the study by Unal et al. the countersurface 
roughness was 0.26–0.31 μm Ra compared to the 0.11 μm Ra used in 
present study. The relatively high concentration of water molecules in 
the contact zones for tests in humid air could possibly act as a protective 
layer, preventing a favourable transfer film to form on the smooth 
countersurfaces. A rougher countersurface is possibly less sensitive to 
water molecules in the contact zone where more direct interaction can 
occur between the PTFE composite and the steel disc and hence, also the 
frictional transfer. Schubert [2] showed that, for similar surface 
roughness as used in present study, the wear of carbon filled PTFE 
composites sliding in humid air compared to dry nitrogen was over one 
order of magnitude. This confirms that the roughness is a possible cause 
of incoherence of the coefficient of friction in humid air between present 
study and the work by Unal et al. [27]. Similar difference in the coef-
ficient of friction between a rough and smooth countersurface has been 
noted for carbon fiber reinforced PEEK [28]. 

According to Schubert [2], the wear behavior of carbon-filled PTFE is 
greatly affected by the type of gas. Both air and oxygen gave immensely 
higher wear than tests in nitrogen, giving reason to believe that a small 
amount of oxygen also could affect the wear of such materials. Trace 
amount of oxygen was present in the supplied nitrogen and it is possible 
that some amount of residual air was present in the test chamber during 
tests. Since the oxygen level was not measured, one cannot conclude that 
it was only the humidity that was accountable for the tribological 
changes between the tested conditions. Oxygen may have varied be-
tween the humidity levels since the humidity was controlled by the flow 
of nitrogen, where a higher flow could perhaps have resulted in less 
residual air. A more controlled way to set the humidity and minimize 
impurities, such as oxygen, would perhaps be by using a vacuum 
chamber. Then vacuum could have been set preceding the filling of ni-
trogen, which would possibly reduce the initial amount of oxygen in the 
test chamber compared to flushing out the air by high nitrogen flow. 

A typical transfer film of the two counterface materials, after a test 

Fig. 10. Amount of wear during run-in for different material pairs and hu-
midity levels. 
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against material A at 11 ppm moisture, can be seen in the scanning 
electron microscope (SEM) micrographs in Fig. 11. In the high magni-
fication image of DI, Fig. 11c, the spherulites containing graphite are 
clearly visible. There were some distinct differences in the transfer films 
between the two counterface materials. The film on the AS had evenly 
distributed patches with dark rims, containing a high concentration of 
fluorine, while for DI the transfer film was more homogeneous with 
radial sections with different shades of gray. 

Fig. 12 shows EDX maps of a DI counterface after a test with material 
A run at 11 ppm moisture. The concentrated regions of carbon in 12b 
matches with the spherulites in Fig. 12a, containing graphite. However, 
no signs of extrusion of the graphite can be seen in Fig. 12a. In accor-
dance with Adachi et al. [20] the contact pressure may be too low to 
draw out any graphite from its nodule. However, there is still a possi-
bility that the magnification was too low to distinguish any extrusion. 
The extrusion could also, for example, occur only during the run-in 
when the friction is higher and then get spread evenly, making it hard 
to distinguish the origin of the carbon in the transfer film. Not surpris-
ingly, the fluorine, Fig. 12c, seems to adhere poorly to the graphite 
nodules of the counterface. Except for the spherulites, the counterface 
seems to be almost completely covered with a transfer film containing 
both carbon and fluorine, although with regions of different concen-
trations of the named elements. As opposed to Kojima et al. [18], evi-
dence of transferred fluorine and carbon were seen for all tested 
humidity levels for both DI and AS against material A. 

A concluding remark is that the tribology of polymer composites is 
complex which indicates that results from this study are restricted to the 
specific polymer composite, operating conditions, sliding environment, 
surface roughness etc. used in the study. Therefore, generalizations of 
shown wear and friction behaviors for all types of PTFE composites 
reinforced with carbon fibers should not be done. 

4. Conclusions  

1. In trace moisture environment, the humidity had an insignificant 
influence on the friction of carbon fiber filled PTFE composites 
against AS for tested humidity levels. For tests with DI as counterface 
material, a slight dependence of the humidity was found on the co-
efficient of friction. Contrarily, the wear was notably affected by 
changes of the humidity for all material pairs.  

2. Counterface material greatly affected the friction and altered the 
effect of humidity on both friction and wear.  

3. A significant portion of the total wear rate in steady state conditions 
of tested PTFE composites was related to momentary periods of se-
vere wear.  

4. The mild-severe wear transition was suggested to be induced by 
surface fatigue of the PTFE composite. 

5. No evidence of graphite extrusion was found for PTFE-based com-
posite sliding against the ductile cast iron. 

6. The friction and wear were drastically increased if the sliding envi-
ronment was changed from dry nitrogen to laboratory air. 
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Fig. 11. SEM images of transfer films on AS and DI counterface after run with material A at 11 ppm moisture. Sliding direction indicated with arrow.  

Fig. 12. EDX analysis of transfer film on DI counterface after test with material A at 11 ppm moisture.  

P. Johansson et al.                                                                                                                                                                                                                              



Tribology International 157 (2021) 106869

10

Acknowledgments 

This work was funded by the Swedish Energy Agency (Project No. P 
44650-1). The research was conducted at Luleå University of Technol-
ogy in collaboration with Azelio. The authors would like to thank Niklas 
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A B S T R A C T
The tribological behavior and tribofilm formation of a carbon fiber reinforced PTFE composite in a trace
moisture environment were evaluated during running-in for different steel countersurface roughness. It
is found that the coefficient of friction at steady-state conditions is unaffected by roughness, while the
friction behavior during running-in varies significantly between a smooth and a rough countersurface.
Moreover, the transient wear of the PTFE composite is higher against a rough countersurface than a
smooth. Surface analysis from different stages of running-in are done to elucidate the formation of
tribofilms and their different characteristics. For the rough countersurface, a loosely adhered transfer
film is transitionally formed at the beginning of sliding to enable the formation of a persistent transfer
film. Contrarily, for the case of a smooth countersurface, the formation of a persistent transfer film
is initiated from the start. Similarly for the rough and smooth countersurface, a micrometer thick
tribofilm with excellent low friction properties is observed on the PTFE composite after running-in.

1. Introduction
Hydrogen and fuel cell technologies will potentially play

a key role in reducing the CO2 emissions on the planet [1–
3]. One of the three main methods to store hydrogen is in
a compressed state, where present technology allows pres-
sures up to 100 MPa[4]. For fuel cell vehicles (FCEV) in
particular, high-pressure cylinders up to 70 MPa are the most
common storage solution [5], where the moisture content
must be below 5 ppm [4]. Oil-free reciprocating compressors
are usually used to compress the hydrogen to prevent contam-
ination from lubrication oils and the piston speed is usually
higher compared to compressing natural-gas [4]. The high
gas pressure, non-lubricated contact and high sliding speeds
put high demands on the dynamic seals and piston rings of the
gas compressor. One of the most common sealing materials
in reciprocating gas compressors is polytetrafluoroethylene
(PTFE) filled with carbon or carbon fiber (CF) [6], where the
latter has proven to have excellent tribological performance in
trace moisture environments [7, 8]. However, the amount of
research conducted on the tribology of CF/PTFE composites
in trace moisture environments is extremely limited.

Previous research and literature have shown that the tribo-
logical performance of carbon-filled PTFE composites varies
largely in different environments and trace impurities [7–10].
Generally in these cited papers, the friction and wear are
much lower for carbon-filled PTFE composites in gaseous en-
vironments with trace amounts of moisture and oxygen, such
as dry hydrogen or nitrogen, compared to that in ambient air.
Significant changes have been observed by Sawae et al. [8]
in the sliding interface between sliding in air and hydrogen
that might explain the drastic tribological changes between
the two types of sliding environment. XPS and Raman anal-
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ysis of the transfer films indicated that the one formed in
hydrogen had a high amount of carbon which were strongly
adhered to the countersurface together with a small amount
of PTFE, whereas the transfer film formed in ambient air
showed a high amount of loosely adhered PTFE and almost
no carbon. Commonly for both environments, metal fluoride
peaks were found on the transfer film. However, the peak
intensity was generally higher for transfer films formed in
hydrogen. Additionally, carbon-rich tribofilms were found
on the CF/PTFE composites after sliding in hydrogen but
not in air, which partly explained the lower friction in hy-
drogen. The higher carbon content in tribofilms formed on
the countersurface and composite surface in dry hydrogen
compared to ambient air was explained by oxidization and
agglomeration of wear particles caused by oxygen and mois-
ture in the latter environment. This may lead to increased
ejection of carbon wear particles from the sliding track and,
hence, inhibit the formation of carbon-rich tribofilms. Simi-
lar findings have been done by Kojima et al. [11] and Abe et
al. [12] for CF/PTFE composites and Oyamada et al. [13] for
carbon fiber reinforced polyetheretherketone (PEEK). Since
the tribology of CF/PTFE composites sliding in dry gas en-
vironments evidently deviates on many levels from sliding
in ambient air, it is reasonable to believe that various trends
found for CF/PTFE composites sliding in air may differ from
that of sliding in dry gas.

The surface roughness of the countersurface is a parame-
ter that can easily be changed in order to optimize the tribolog-
ical performance of a system without the need of changing any
components, materials or operating parameters. Although,
implementing a smoother countersurface (eg. additional fin-
ishing process of the cylinder liner in gas compressors) may
significantly increase the manufacturing cost. Radcliffe [6]
speculates that generally for PTFE composites, an optimum
surface roughness exists where a certain roughness of the
countersurface is needed in order to form a transfer film and
that too rough surface leads to excessive material removal.
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Similarly, Hart suggested after a few short gas compressor
tests with helium as working gas that roughness of about
0.2-0.25 𝜇m gave the best performance where lower rough-
ness gave uneven transfer and higher roughness gave higher
wear [14]. Contrarily, many modern tribological studies of
PTFE composites in dry gas environments use significantly
smoother countersurfaces than suggested by Hart [8, 11, 15–
17], where at least some of the cited papers reports even
transfer.

The aim of this paper is to study the effect of roughness
on the tribological behavior of CF/PTFE sliding in a trace
moisture environment. The effect on friction and wear was
studied both during steady-state and running-in to provide
a broader knowledge base for choosing surface finish. Fur-
thermore, the topographical transformation and development
of tribofilms were analyzed during running-in in an attempt
to elucidate the governing mechanisms behind tribofilm for-
mation and the changes that the sliding surfaces undergo in
order to promote low friction and wear.

2. Method
2.1. Materials and material preparation

The countersurfaces were machined to discs from quenched
and tempered 34CrNiMo6 steel with an initial hardness of
460 HV. With further heat treatment, discs with a hardness
of 265 HV and 685 HV were also achieved. The discs were
grinded in a figure-eight motion against silicon carbide abra-
sive papers to create a random texture. For long-duration
tests, various arithmetic surface roughness, 𝑆𝑎, between 0.01
and 0.3 were prepared for all three hardness levels using
abrasive papers with different grades. For the running-in
tests two surface roughness were compared on the 460 HV
discs, a ’rough’ with 𝑆𝑎 = 0.25 ± 0.05𝜇m that is easily
achieved with e.g. conventional honing and a ’smooth’ with
𝑆𝑎 = 0.020 ± 0.005𝜇m that would need additional finishing
processes [18]. The rough countersurface was grinded with
240p grade and the smooth was grinded sequentially with
abrasive papers with grades of 400p, 800p, 1200p and finally
2000p.

The polymeric material used was a commercially avail-
able PTFE composite reinforced with short carbon fibers,
specially developed for applications operating in dry envi-
ronments. The specimens were produced as pins with the
dimensions ⌀ 8 x 10 mm. Using scanning electron micro-
scope (SEM), Jeol JSM-IT300, and energy-dispersive X-ray
spectroscope (EDS) the fiber concentration has been esti-
mated to be about 25-30% and the diameter of the fibers to
about 10-20 𝜇m.

Prior to test, the polymer composite pins undergo a spe-
cific grinding procedure against the countersurface with abra-
sive papers to ensure conformity between the sliding sur-
faces and increased repeatability. The procedure has been
described in detail previously [7]. The surface of the pins typ-
ically looks as shown in fig 1, with arithmetic mean surface
roughness 𝑆𝑎 of approximately 600 nm.

(a) Micrograph

(b) SWLI image

Figure 1: Surface of CF/PTFE pin prior to test.

2.2. Experimental testing
In this study, a climate-controlled tri-pin-on-disc described

in an earlier paper [19] was utilized. Tribotests were con-
ducted in a nitrogen environment with a moisture content
controlled to 11 ppm. The sliding speed was 2.2 m/s with 25
mm sliding radius, the contact pressure 2 MPa and the near-
contact temperature was set to 80°C. Wear was measured
in-situ using a capacitance displacement transducer (CDT).
An overview of the test setup can be seen in Fig. 2.

All tests followed the same starting procedure; mounting
of the specimen holder in the tribometer, closing and sealing
of the climate chamber, flushing the chamber with nitrogen
to reach designated moisture level and finally starting the test
sequence. For accurate measures of the run-in wear, load and
near-contact temperature were stabilized at set values before
sliding was initiated.

Long duration tests, with at least 300 km of sliding, were
performed to establish trends for the specific wear rate and
the average coefficient of friction under steady-state sliding
conditions in relation to roughness and hardness.

Repeated tests were stopped at different coefficients of
friction and sliding distances to analyze the main events and
differences during the running-in process of the polymer com-
posite sliding against a rough and a smooth countersurface.
The four stages at which the tests were stopped are schemati-
cally illustrated in Fig. 3. Stage 1 is the very beginning of
sliding where the coefficient of friction reaches its maximum.
Tests were stopped after 600 m of sliding. Stage 2 captures
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Figure 2: Schematic illustration of test setup.
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Figure 3: Frictional behavior during run-in for the PTFE com-
posite sliding against a rough and a smooth surfaces. The
different stages analyzed in detail are marked.

the rapid friction reduction. To make sure that the friction
was still decreasing when stopping the tests, 0.1 in coeffi-
cient of friction was set as the stopping limit. Stage 3 tests
were stopped after 5 km of sliding where the difference in
coefficient of friction between the rough and smooth surface
was the highest. Finally, stage 4 was set to 15 km of sliding,
which is still during running-in, where the friction curves for
the rough and smooth case start to converge. The friction
curves shown in Fig. 3 were typical for the respective surface
on the 460 HV disc and can be found in fig 8 along with the
rest of the tests.
2.3. Surface analysis

Optical images of the whole pin surface and the full slid-
ing track width of the countersurface were taken using a
Dino-lite digital microscope. A scanning white light interfer-
ometer (SWLI), Zygo NewView 7300, was used to analyse

Figure 4: Illustration of a) taken surface measurements and b)
relocation of the pre- and post-sliding surfaces for qualitative
analysis.

the topography of the polymer composite pins and steel coun-
tersurface before and after sliding. For measurements on the
countersurface a 10x magnification was used along with a
0.5x field of view, resulting in a measured area of 1.40 x
1.05 mm (width x height). The measuring size was chosen
to cover an adequately large portion of the total sliding track
width of 8 mm and still provide detailed information regard-
ing topography changes. For the same reason, the measuring
size of the polymer composite surface was chosen to a similar
size. However, due to the poor reflectance of the material,
higher magnification was needed in order to get acceptable
measurements. To get similar sized measurements as of the
countersurface, measurements with 50x magnification and
0.5x field of view were stitched together 7x7 with 25% over-
lap, resulting in a final measuring size of 1.55 x 1.15 mm.

Qualitative analysis of the countersurface was done by
comparing pre- and post-sliding surfaces from the same area,
following a method inspired by Hansen et al.[20]. SWLI
measurements were taken before and after sliding at the cen-
ter of the sliding track at two specific locations marked by
(I) and (II) in Fig. 4 a). The area of interest was roughly
relocated after sliding prior to the surface measurement in
the SWLI. This was done in the SWLI by simply searching
for specific surface features as seen in the pre-sliding surface
measurement and align the post surface accordingly. The
following exact relocation of the surfaces was done in the
software Mountains Map Premium 9 as illustrated in Fig. 4
b). The pre-sliding surfaces were measured before the final
in-situ grinding step of the pins. A few surfaces after this
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Figure 5: Illustration of the height alignment of pre- and post-sliding surfaces and the approximation of average and maximum
transferfilm thickness. The upper-left image is a post-sliding surface and the lower-left image is the associated pre-sliding surface.

grinding step have been analyzed and compared with the
pre-sliding surface where minor additional scratches were
observed. However, no significant change in the surface
roughness was noted, whereby no extra effort was made to
take additional measurements after the final grinding step.

The centerline shift of the post-sliding surface compared
to the pre-sliding surface was calculated as a rough indicator
of the initial abrading and average transfer film thickness. It
was observed during the analysis of the surfaces that parts
of the deepest regions of the surfaces remained unfilled after
sliding for all stages. Therefore, the minimum z-value, av-
eraged from the 20 lowest data points, was subtracted from
the pre- and post-sliding surface to get a common zero. By
calculating the average height of each surface and subtract
the result of the post-sliding surface with the pre-sliding
surface a relative centerline shift was established. A rough
approximation of the maximum transfer film thickness was
calculated by subtracting the maximum z-value of the post-
sliding surface, averaged from the 20 highest data points, with
the maximum z-value of the pre-sliding surface, also aver-
aged from the 20 highest data points. The surface alignment
and transfer film thickness approximations are illustrated in
Fig. 5, where profiles of each surface were extracted from
the location where the global minimum was found, using the
profiles of the smooth surfaces from stage 4 seen in Fig. 18.
In practice, data of the whole surfaces were used to align
the surface in the z-axis and approximate the average and
maximum transfer film thickness.

Similar to the qualitative analysis of the countersurface,
the tribofilm on the polymer composite was analyzed by mea-

suring the surface before and after wiping off the tribofilm
with an ethyl alcohol soaked cloth. Specific regions were
marked by carving a shallow frame around them with a ra-
zor blade to make it possible to find them while analyzing.
Using SWLI, the topography of the CF/PTFE was analyzed
before and after tribofilm removal. By height alignment of
the measured surfaces, using the highest points on the most
protruding carbon fibers, the surface with the tribofilm could
be subtracted by the one without to roughly approximate
the tribofilm thickness. Moreover, SEM-EDS were used to
detect possible differences in the elemental composition of
the tribofilm compared to the worn composite surface. The
SEM-EDS analysis was conducted in low vacuum to min-
imize charging of the sample. Pressurized air was used to
gently remove loose particles on the sample prior to analysis.

3. Results and Discussion
The specific wear rates for 21 individual tests with differ-

ent surface roughness and hardness of the countersurface are
summarized in Fig. 6. From the graph, it is obvious that sur-
face roughness affects the wear rate of the polymer composite
where a smoother countersurface tends to lower the wear rate.
No clear effect of hardness on the steady-state wear rate is
observed. The coefficient of friction at steady-state seems to
be insensitive to changes in hardness and roughness where
the average coefficient of friction for all tests is within 0.055
± 0.01, where the variance is in similar magnitude as the
measurement error. Fig. 7 illustrates typical transfer films
formed on smooth (𝑆𝑎=0.02 𝜇m) and rough (𝑆𝑎=0.25 𝜇m)
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Figure 6: Steady-state wear rates of PTFE composites sliding
against steel countersurface with different roughness and hard-
ness.

Figure 7: Typical transfer film on smooth (Sa=0.02 𝜇m) and
rough (Sa=0.25 𝜇m) countersurface (460 HV) at steady-state
conditions, where a)-b) shows the optical micrographs and c)-d)
the topography measured with SWLI.

countersurface disc with the 460 HV hardness. The transfer
films are quite similar in appearance where they share dis-
tinct features such as the thin film covering the whole area
and the thicker lumps scattered across the transfer film. The
major difference observed between the transfer film formed
on the smooth and rough countersurface pre and post sliding
at steady-state is to which extent the original topography had
been transformed. As can be seen in Fig. 7 a) and c), the
original smooth surface is almost completely hidden under-
neath the transfer film. Contrarily, clear signs of the original
rough surface can be seen in Fig 7 b) and d), where many
of the grooves are still pronounced. However, a comparison
of the topography pre- and post-sliding of the rough coun-
tersurface reveals that all grooves are at least partly filled,
meaning that the original surface is completely covered with
a thin transfer film and likely accumulated wear particles in
the deep grooves. Since no area of the raw original surface

of the discs could be found, the thickness of the films could
not be approximated using the method described in Fig. 5.
However, it was observed that the size of the thick transfer
lumps changed in all dimensions during the sliding duration
in an oscillatory manner, similarly to the behavior of PTFE
transfer described by Sviridyonok et al. [21]. The thickness
of the lumps varied between hundreds of nanometers up to
a few micrometers. As can be noted in Fig. 7 b) and d), the
deep grooves in the rough countersurface caused disruptions
for transfer lumps which may weaken their adherence to the
countersurface and possibly explain the higher wear rates for
rougher countersurfaces.

Friction and wear curves of the running-in reveal several
differences between tests with a smooth disc (𝑆𝑎=0.02 𝜇m)
and a rough disc (𝑆𝑎=0.25 𝜇m). Two widely dispared fric-
tion behaviors can be noted in Fig.8b for the two roughness.
Another significant trend in Fig.8 is that the time before the
initially high coefficient of friction drops (to below 𝜇=0.1) is
decreasing with both hardness and roughness. The shortest
sliding time before 𝜇<0.1 for the tests shown in Fig.8 was
5.3 minutes ≈ 700 m (685 HV, 0.25 𝜇m 𝑆𝑎) and the longest
26 minutes ≈ 3400m (265 HV, 0.02 𝜇m 𝑆𝑎). However, the
sliding time to stage 1 should not be equaled with the time
of running-in since steady-state friction is not achieved until
about 3 hours but rather as the time of high initial friction.
Using only the graphs in Fig.8, it is impossible to accurately
determine the wear-in time since the wear measurement is
affected by thermal expansion caused by fluctuations in co-
efficient of friction. The wear during running-in, Fig.8a,
decreased with hardness of the countersurface and increased
with roughness. The higher wear for softer countersurface is
probably related to the longer time with high coefficient of
friction and high contact temperature. The higher initial wear
for the rougher surface is consistent with single traversal tests
in ambient air reported by Lancaster [22].

The biggest differences between the pins sliding against
the rough countersurface and the smooth countersurface were
found in the early stages. The more abrasive nature of the
rough countersurface compared to the smooth countersurface
is evident at stage 1 in Fig. 9 and Fig. 10 and confirms
the observations of Fig.8. The pin slid against the smooth
surface looks polished with signs of adhesive wear while
the pin slid against the rough surface has deep grooves and
extensive matrix wear as indicated by the protruding fibers
in Fig. 10. The pin surfaces at the rest of the stages are
more similar to each other when comparing the rough and
smooth case, even though the pin slid against the smooth
surface always had lower roughness. The pin slid against the
smooth countersurface showing increasing abrasion at stage
2, supposedly from third body abrasion caused by fragments
of carbon fibers. This is also expected for the rough case
along with the abrasion by asperities. Commonly for both
cases, the matrix has been extensively worn when the COF
drops at stage 2, where the load is thought to be predominately
supported by the carbon fibers and the real contact area is
reduced compared to the initial grinded surface, Fig. 1.

By analyzing the sliding surface of the polymeric spec-
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Figure 8: Running-in behavior for countersurfaces of different
hardness and roughness.

imens before and after cleaning it with ethyl alcohol, a tri-
bofilm similar to the ones described in [8, 12] was detected.
Micrographs of the rough and smooth pins at stage 4, Fig. 11,
show that the un-cleaned pins look shinier and also smoother.

A SWLI analysis confirmed the smoothening effect of the
tribofilm, where the surface roughness had increased from
𝑆𝑎 = 0.3 𝜇m to 𝑆𝑎 = 0.47 𝜇m by removing the tribofilm,

see the surfaces in Fig. 12 a) and b). By subtracting the
sliding surface (containing the tribofilm), Fig. 12 a), with the
worn surface of the CF/PTFE (with the tribofilm removed),
Fig. 12 b), the thickness of the tribofilm could be roughly
approximated, as shown in 12 c). The tribofilm analysis
reveals that the film coats the surface with a relatively even
thickness of 2-3 micrometer and substantially fills deep pits
and valleys, as shown in 12 c). Additionally, many of the
carbon fibers in the surface seems to be partly uncovered or at
least very thinly covered compared to the rest of the surface.
By comparing the three images in Fig. 12, it appears that
not only have the deep pits and valleys been covered with
tribofilm, but in some places, carbon fibers or fiber fragments
have been re-attached to the surface in deep crevices and held
in place by the tribofilm.

The elemental composition and structure of the tribofilm
have not been fully determined but EDS maps of the com-
posite surface before and after wiping off the tribofilm, Fig.
13, indicates that the tribofilm has a similar composition as
the composite surface. Although, the carbon content was
consistently higher in the film than the composite surface
for the three regions qualitatively analyzed, where the car-
bon/fluorine ratio was about 10% lower on average after re-
moving the film. Since the tribofilm thickness is in the range
of micrometers the SEM-EDS measurement is considered
to be mainly of the tribofilm. Therefore, it is believed that
the tribofilm consists of fine degraded wear particles of both
PTFE and carbon fiber. This finding partially deviates from
the results by Sawae et al. [8] that suggests that the tribofilm
mainly origins from degraded carbon fibers. However, since
the analyzed pin had just been run-in, it is possible that the
fluorine content decreases over time as it adheres to the trans-
fer film and that the tribofilm on the composite surface slowly
transition to a more carbon-based film.

The coherent and relatively thick tribofilm is thought to
reduce the wear rate by protecting the matrix from interacting
with the transfer film and also provide lubrication to the
interface. Furthermore, since the tribofilm covers cracks in
the matrix, as seen in Fig. 13, and hold re-attached fibers in
place, it is possible that the tribofilm fortifies the surfaces by
acting as a weak adhesive between matrix and fibers, as well
as in cracks.

The evolution of transfer film on the rough and smooth
disc are shown in Fig.16 and Fig.14 respectively. The im-
ages were taken directly after test, top row, and after cleaning
with ethyl alcohol, bottom row. The cleaning of the surfaces
revealed fundamental differences between the film initially
formed on the rough and the smooth surfaces. For the rough
disc, the film was completely removed after cleaning for the
stage 1-3, surfaces indicating a loosely adhered transfer film.
Evidence of strongly attached transfer on the rough disc was
not observed until stage 4 when the coefficient of friction
of the rough and smooth disc start to converge. This can be
proved by the dark region in the center of the sliding track in
Fig. 16 h) and the distinct change in Fig. 17 compared to ear-
lier stages. Signs of added material have also been observed
in the SWLI images as marked in Fig. 19 h). As shown in Fig.
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(a) Pins after sliding on rough countersurface

(b) Pins after sliding on smooth countersurface

Figure 9: Micrographs of pins at stage through 4 (left to right). Sliding direction were right to left.

Figure 10: Topography of pins at stage 1 through 4 (left to right) after sliding against rough countersurface (upper) and smooth
countersurface (lower). Sliding direction were left to right for all images.

17 and Fig. 19 i), initial abrasion of the rough countersurface
is evident. Asperities seem to have been abraded by about
100 nm which roughly equals 1% of the transient height loss
of the polymer composite against the rough surface. Fig. 19 i)
also indicating that some of the valleys may have been partly
filled by accumulated wear particles. According to Fig. 17,
the abrasion predominantly takes place in the very beginning
of sliding and stops as soon as wear particles form an interme-
diate film, separating the sliding bodies. The initial abrasion
had a slightly polishing effect on the countersurface, where
the surface roughness was reduced by about 10% at stages
1-3 compared to the pre-sliding surface. This is evident in
Fig. 19 i) by comparing the shape of the post-sliding profile
with the pre-sliding profile. Opposed to the rough countersur-

face, no visible changes of the smooth countersurface within
the sliding track were noted at any stages after wiping the
surface with ethyl alcohol and a persistent transfer film was
formed already at stage 2. The transfer film showed clear
progression between the discrete steps as seen in Fig. 15
and Fig. 18. The transfer film thickness during running-in
was very thin, where the average film thickness increased to
about 80 nm at stage 4 and the maximum film thickness to
about 270 nm. Thin films are often indicating strong bonding
to the countersurface and low wear rates [23, 24]. No signs
of initial abrasion can be found at stage 1 by comparing the
topography before and after sliding, Fig.18 a) and e), and
merely no center line shift nor maximum height change were
noted. Vague signs of marks in the direction of sliding can
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Figure 11: Micrographs of pins at stage 4, before and after
wiping clean with ethanol.

be seen at stage 1, Fig. 14, but even when analyzing the
surface with SWLI with 50x magnification and 2x field of
view it could not be decided whether these were early signs of
adhered material, abrasion marks or a combination of both.

The in-depth analysis of the sliding surfaces during running-
in for the case of a smooth and a rough countersurface are
condensed to a suggested explanation of the running-in be-
havior as follows and an overview of the proposed behavior
is schematically illustrated in Fig. 20. In the very beginning
of running-in, stage 1, the sliding is predominantly between
the PTFE matrix and the steel countersurface, explaining
the relatively high coefficient of friction observed by others
for PTFE in dry atmosphere [8]. The wear resistance of the
matrix is lower than the carbon fibers, where it is believed
that the initial matrix wear against the smooth discs is, as
described elsewhere [25], governed by adhesion where the
link between the countersurface and adhered material is not
sufficiently strong to prevent delamination. The material then
either ejects from the sliding track, see the bottom-left corner
in Fig. 14 a), or decompose in the sliding interface. For the
rough countersurface, the initial wear is more severe, where
abrasion is likely the governing wear mechanism. As the
matrix wear, the fiber concentration in the composite surface
is increasing, supporting more of the load and thereby also
increasing the abrasiveness of the pin surface. The fiber-rich
surface abrades the countersurface, removing oxide layers
and other contaminants and by that improving the adhesion
between the sliding bodies and enabling clean metal to bond
with fluoride ions originating from the decomposition of
PTFE molecules[26]. The friction decrease witnessed at
stage 2 for both countersurfaces can be explained by the sep-
aration of the sliding surfaces by the formation of tribofilms
and wear particles. However, the mechanisms behind these
layers differ between the rough and smooth surfaces. The
transient wear of only a few microns for the PTFE composite
sliding against a smooth countersurface shown in Fig. 8a and

the adhesive character of the wear observed in the topography
of the pins at stage 1 in Fig. 10 indicates that the amount of
worn carbon particles must be quite small. The diameter of
the carbon fibers is approximated from SEM images to 10-20
𝜇m, which means that the diameter is far bigger than the
transient height loss of the CF/PTFE pins against the smooth
disc. The transfer film starting to form at stage 2, Fig. 14,
should therefore be dominantly originating from the worn
PTFE. The firm attachment of the transfer film witness that
tribochemistry is involved and that the first layer adhered
to the countersurface is likely chemically bonded through,
inter alia, metal-fluoride bonds. For the composite sliding
against the rough surface, tribochemistry is evidently not the
governing film formation mechanism during the early stages
of running-in. The transfer film is easily removed from the
countersurface, suggesting physical adsorption rather than
chemical bonding. Since the transient wear is much higher
against the rough countersurface and the wear mechanisms
more abrasive, the amount of worn carbon particles in the
sliding interface should be higher. It is possible that the de-
composition of PTFE is less favorable against the rougher
countersurface due to the less close contact and deeper val-
leys particles can accumulate in. Therefore, it takes longer
time to initiate the tribochemical reactions needed to form
the strong bonding to the countersurface, which were not
observed until stage 4. Comparing the tribofilm forming on
the composite surface with the initial transfer film on the
rough countersurface, similarities in both appearance and
adherence to the surfaces are noted. However, analysis of
the elemental composition and structure would be needed to
know if these films share physical and tribological properties.
The friction behavior at stages 3 and 4 could be explained
by the properties of the tribofilms. For the smooth disc, the
thickness increase of the transfer film is thought to be the
governing mechanism behind the friction increase at stage
3, while the following friction reduction is believed to be
governed by the separation of transfer film and composite
surface by increased tribofilm thickness and smoother com-
posite surface. As seen in Fig. 10, the maximum height from
the centerline is only about 2.5 𝜇m at stage 4 compared to
about 6 𝜇m at stage 3, which indicates lower fiber protrusion
from the matrix. This likely results in better coverage of the
tribofilm and increased separation of the sliding bodies due
to decreased penetration of fibers in the transfer film. The
final sliding interface is therefore thought to be primarily be-
tween the tribofilm on the composite surface and the transfer
film. For the rough disc, the course of events are the opposite,
where first the loose tribofilms are improved, lowering the co-
efficient of friction. Thereafter, the loosely adhered transfer
film is successively replaced with a persistent transfer film,
which progressively increasing the coefficient of friction due
to the increased sliding resistance of the stronger film.

The transfer film formation on the rough and smooth
countersurface agrees with the hypothesis proposed by Alam
and Burris [27] for PTFE nanocomposites sliding in humid
air; that low wear rates promotes tribochemical accumulation
and tribochemical accumulation promotes low wear rates. For
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the smooth countersurface, the transient wear during running-
in is very small, where the wear rate is believed to decrease
significantly as soon as excessive matrix is worn off. The low
wear rate promotes tribochemical accumulation and a strongly
adhered transfer film is formed in early stages of sliding.
For the rough countersurface, the transient wear is more
severe due to the more abrasive countersurface. The higher
wear rate inhibit tribochemical accumulation and therefore,
a loosely adhered transfer film is formed instead. This film,
along with changes on the composite surface, reduces the
wear rate sufficiently to promote tribochemical accumulation,
a tribochemically anchored transfer film then replaces the
loosely adhered film and a further reduction of the wear rate
is expected.
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Figure 12: Topography of the CF/PTFE surface after sliding
against a smooth countersurface at stage 4, before a) and after
b) wiping off the tribofilm with ethyl alcohol. Subtracting sur-
face a) with b) gave the approximate thickness of the tribofilm
c).

(a) From test

(b) Cleaned

Figure 13: Electron image and map sum spectrum of pin
surface after sliding against smooth countersurface at stage 4,
before and after removing the tribofilm.
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Figure 14: Evolution of transfer film on the smooth disc from
stage 1 through 4. Image a) to e) are taken directly after test
and f) to i) are taken after cleaning the surface with ethyl
alcohol. Sliding direction was right to left.
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Figure 15: Development of transfer film thickness formed on
the smooth countersurface (𝑆𝑎=0.020 𝜇m) at different stages
of the running-in, where the center line shift corresponds to
the average film thickness and the maximum height change
roughly corresponds to the maximum film thickness.

Figure 16: Evolution of transfer film on the rough disc from
stage 1 through 4. Image a) to e) are taken directly after test
and f) to i) are taken after cleaning the surface with ethyl
alcohol. Sliding direction was right to left.
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Figure 17: Initial abrading and transfer film formation of rough
countersurface (𝑆𝑎=0.25 𝜇m) at different stages of the running-
in, where a negative center line shift and maximum height
change indicates abrasion of the original surface and a positive
sign indicates adhered material film.
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Figure 18: Topography changes on smooth disc at stage 1 through 4. Image a) to d) are the grinded surfaces before sliding and
image e) to h) are the surfaces after sliding to each specific stage.

Figure 19: Topography changes on rough disc at stage 1 through 4. Image a) to d) are the grinded surfaces before sliding and
image e) to h) are the surfaces after sliding to each specific stage. Image i) illustrates the 2D-topography change pre and post
sliding at stage 1 for the specific position marked in a) and e).
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Figure 20: Schematic illustration of the film formation and running-in behavior when carbon fiber reinforced PTFE composites
sliding against a smooth and rough steel countersurface in trace moisture environment.

Johansson et al.: Preprint submitted to Elsevier Page 13 of 15



4. Summary
Roughness affected both the steady-state and running-in

tribology of the tested material, where lower transient wear
and steady-state wear rate were achieved against smoother
counter surfaces. Low coefficient of friction was achieved
faster for a rough countersurface, but a longer time was
needed for a persistent transfer film to form. It is believed
that the initial high wear inhibits tribochemical production
and strong adherence of the transfer film. Therefore, an inter-
mediate step is necessary where a loosely adhered transfer
film is first formed, decreasing the wear rate and promoting
tribochemistry. Contrarily, for the smooth countersurface the
transient wear rate may be sufficiently low to promote the
formation of a strong and tribochemically anchored transfer
film from the beginning of sliding.

Potentially lubricious and protecting tribofilms on the
worn surface of carbon fiber reinforced polymers have been
reported in literature. This study provides additional infor-
mation supporting these assumptions. Through different
running-in behavior of the CF/PTFE composite against a
smooth and a rough countersurface, the frictional properties
of the transfer film and tribofilm formed on the composite
surface could be separated. Analysis clearly indicate that
the tribofilm on the composite surface has better low-friction
properties than the strongly adhered transfer film, which, in
symbiosis with the transfer film that also has good friction
properties, explains the low steady-state coefficient of fric-
tion. Analysis of the tribofilm also revealed that the average
film thickness is up to a few micrometers, which seemed
to completely cover the matrix and most of the protruding
carbon fibers. This should prevent the matrix to interact with,
and transfer to the transfer film to a large extent and by that
reducing the wear rate of the CF/PTFE composite.
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