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A B S T R A C T

The present study reviews tribology research on bulk polymers and coatings, employed in several applications,
including air-conditioning, refrigeration, and thrust pad bearings. Known polymers such as polyetheretherketone
(PEEK), Polytetrafluoroethylene (PTFE), and aromatic thermosetting polyester (ATSP) were reviewed. PEEK
outperforms PTFE when used in bulk format, while PTFE coatings demonstrated superior performance, and
ATSP-based polymers exhibited remarkably low wear rates. The effect of critical operating conditions namely
load, environmental pressure and temperature at different lubrication regimes were investigated. The ability to
develop a transfer film on the countersurface was determined as a key factor in polymer tribological perfor-
mance. High performance bulk polymers and coatings are viable candidates for today's demanding tribological
applications.

1. Introduction

Advanced polymers with high load-bearing capacity, both in bulk
and coating format (in the tens of microns thickness), have gained at-
tention in several industries for their capacity to reduce friction and
wear. For instance, to phase out hydrofluorocarbon (HFC) based re-
frigerants such as R-134a, R-407c, and R-410a, the air-conditioning and
refrigeration industry has focused on environmentally friendly re-
frigerants that have almost negligible global warming potential (GWP)
and chemically compatible polymer/metal tribopairs. With the in-
troduction of greener refrigerants, the sliding interfaces have to be able
to satisfy the imposed tribo/chemical interactions while keeping fric-
tion and wear at acceptable levels [1–10]. The interactions of re-
frigerant, lubricant, and sliding materials added to the undesirable
thermodynamic consequences of the presence of oil in the refrigeration
cycle, triggered new tribological challenges mainly related to the de-
velopment of advanced tribomaterials [11–15].

In the oil and gas industry, one category of common tribological
problems is caused by the extreme operating working conditions in
Electrical Submersible Pumps (ESPs), where the oil film in hydro-
dynamic bearings may break down, resulting in boundary/mixed lu-
brication conditions. As a result, asperity interactions might cause sei-
zure of the bearing surfaces and lead to catastrophic failure that further
highlights the need to develop advanced bearing materials [16]. To

address the aforementioned issues and other tribology related problems
in other industries, different analytical and experimental studies have
been carried out on self-lubricating polymers, aimed to tackle friction
and wear related problems. The purpose of this work is to review and
discuss different scientific advances in self-lubricating polymers and
their blends designed to enhance wear resistance under different op-
erating conditions. Specifically, blended bulk polymers based on PEEK,
PTFE, Polyimide, and ATSP were included in this study. In coating
format blended PEEK, PTFE, ATSP, and Fluorocarbons, all of them
deposited on metallic material substrates, were broadly studied. These
blended bulk polymers and coatings are aimed for high load-bearing,
reduced oil and oil-less industrial applications, such as air-conditioning
and refrigeration compressors, and ESPs for oil wells in the oil & gas
industry.

2. High-performance polymers and their blends

Great strides have been made in the last two decades towards the
development of high performance polymers; these materials are at the
top of the three major categories of the polymer pyramid (the other two
categories are commodity and engineering polymers). PEEK, a family of
the Polyaryletherketone (PAEK), which belongs to the category of high
performance polymers, is a thermoplastic that was originally developed
by ICI (Imperial Chemical Industries) in 1978 and is currently
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commercialized by Victrex [17]. Some of the features that make PEEK
attractive in different applications include its high temperature stabi-
lity, namely; high melting point (335 °C) and high glass transition
temperature Tg (143 °C), convenience of being processed by injection
molding and other techniques usually applied to thermoplastic poly-
mers [18]. Unique wear properties of PEEK can be ascribed to its rigid
backbone chemical structure (composed by repeating ether, ether and
ketone linkages separated by aryl groups) and is being widely used in
different tribological applications [19–32].

In contrast, PTFE as a solid lubricant, is characterized by low fric-
tion coefficient (COF) and high wear rate, where its low COF during
sliding is attributed to the low shear strength of its long (CF2-CF2)n
chains [33]. It was experimentally demonstrated that COF and wear
rate of the blends of PEEK and PTFE (in bulk form) exhibited minimal
values at PTFE blending percentage of approximately 10–20% [34].
15% partial volume of PTFE was determined as the optimum value
which yields COF of ∼0.25 and wear rate of ∼10−5 mm3. N−1. m−1

under sliding conditions of 1m/s and 1MPa contact pressure. Friction
reduction was attributed to the ability of the polymer to form a uniform
transfer film of PEEK/PTFE to the harder counterface, where dispersed
PTFE particles provide lubricity and a more dominant PEEK phase re-
duces wear rate. PTFE-based composites have been broadly studied in
multiple tribological applications and studies to understand its behavior
are still ongoing [35–42].

During the sliding process of a polymer-polymer or polymer-metal
tribopair, polymer material could be transferred to the countersurface
in the form of a thin transfer layer. Such a transfer layer is referred to as
a transfer film if it is a uniform thin film (∼0.1 μm thickness) and is
well adhered to the countersurface. A transfer layer is referred to an
uneven discontinuous film not well attached to the countersurface and
generally thicker than a transfer film (> 1 μm thickness). The devel-
opment of transfer films, leading to a decrease in COF in PTFE and PTFE
composites, have been reported, e. g, [43–45]. Bahadur, Tabor, and
Gong et al. were some of the early pioneers to demonstrate that re-
duction in wear during sliding of PTFE composites was due to transfer
film formation. Wear reduction is due to the low shear strength of PTFE
and its ability to transfer to a harder countersurface under sliding.
When a well-adhered thin film of the lubricious PTFE is established on
the metallic hard countersurface, the contact dynamic will transform
from continuous plowing of asperities of a metallic hard surface in a
relatively soft polymer into sliding of two soft smooth polymeric sur-
faces. This transformation of the contact dynamic will result in the
reduction of wear and friction. Once an optimal surface roughness at
the countersurface was developed, wear rates were observed to stabi-
lize. It was also observed that transfer film formation was insensitive to
pre-deposited films [45,46].

Blanchet and Kennedy proposed that high wear rates of unfilled
PTFE were caused by subsurface cracking, while transition from mild to
severe wear was caused by an increase in sliding speed and a decrease
in temperature [47]. Below its Tg, temperature and sliding speed effects
were associated with the viscoelastic shear behavior of unfilled PTFE.
This was expressed using a single master curve and a shift factor with
an Arrhenius temperature dependence. Friedrich, Lu, and Hager,
claimed that even though adding solid lubricants such as MoS2, gra-
phite, and PTFE to PEEK composites reduced friction, they cause me-
chanical property deterioration [48]. However, they also showed that
fibrous reinforcement could hinder this degradation.

Polyimide (PI) constitutes another family of high temperature
polymers characterized by high temperature stability which is attrib-
uted to its cross-linked molecular structure [49]. Interestingly, bulk PIs
do not show any compliance when approaching their Tg, compared to
high performance thermoplastics. In this regard, mechanical properties
such as ultimate strength and elastic modulus do not display significant
changes at the onset of Tg [50]. The aforementioned properties of PIs
added to their high creep resistance make them attractive as high
performance friction materials where a combination of high contact

pressure and sliding velocity (PV) at high operating temperatures is
required [51–55]. Early tribological studies on PIs were focused on the
performance of their blends with solid lubricants such as graphite and
MoS2. The main application was the design of retaining rings in ball
bearings that worked at high temperature and rotational velocities
[56]. Studies on commercial PI composites reinforced with fillers such
as carbon nanotubes PI/CNT, Dupont's high-performance products such
as Vespel SP-21 (polyimide, 15% graphite), Vespel SP-211 (polyimide,
PTFE, graphite) exhibited enhanced tribological properties such as low
COF and wear rates under unlubricated conditions [11,57–59].

Aromatic thermosetting copolyester (ATSP) material was developed
in the mid-1990s [60–62], and is synthesized from Trimesic acid
(TMA), isophthalic acid (IPA), p-acetoxybenzoicacid (ABA), and hy-
droquinone diacetate (HQDA) monomers and has been commercialized
by ATSP Innovations [63]. Among its improved properties, ATSP is
characterized by great dimensional stability at high temperature (up to
350 °C in air and 450 °C in nitrogen), good chemical, creep and me-
chanical resistance, and superior wear behavior [63]. In addition, at-
tachment of ATSP polyester molecules to other molecules through ester
units, enhances stability, eliminates subsurface micro-cracks, and im-
proves its recyclability through interchain transesterification reactions
(ITR) [62]. Tribological performance of ATSP and its blends in both
bulk and coating format have been studied [64–70] and will be further
discussed in this review.

3. Bulk polymers and their blends

Polymer/metal bearing pairs have long been studied as an effective
solution to reduce friction and wear of sliding surfaces. However, the
reported studies on the potential effect of the presence of a refrigerant
on the polymer wear in air-conditioning compressors is limited in the
open literature [6]. To establish a platform for comparison of the tri-
bological performance, four unfilled and six blended polymer materials
were tested using a specialized High Pressure Tribometer (HPT) to si-
mulate realistic air-conditioning compressor conditions and evaluate
their performance as potential air-conditioning compressor bearing
materials [11,65–67].

The HPT employs a pin-on-disk configuration as shown in Fig. 1.
The polymer pin is fixed on a stationary holder positioned inside a
cylinder-shaped cup. Employing a mechanical screw, the chamber
slides upward to fit into a rotating part holding the rotating disk to form
a closed chamber. The chamber can be partially vacuumed down to
13.2 Pa (0.1 Torr) or pressurized as high as 1.72MPa (250 psi). The
chamber temperature could be accurately set up to 120 °C. The disk is
assembled to the bottom of the rotating shaft and encounters the pin as
the chamber is closed. The polymers were procured in 6.35mm dia-
meter rod form from a commercial vendor, cut and machined into a
final height of 11mm and tested against cast iron disks (Dura-Bar® G2)
in R-134 A refrigerant. Further description of the employed tribometer
and testing conditions could be found in Ref. [11].

The initial surface roughness of the cast iron disk was 0.3–0.5 μm,
which was similar to Briscoe and Sinha's work [71] who suggested
optimal initial roughness of 0.4 μm (Ra) and was found to facilitate
strongly bonded interfaces and low wear for PTFE filled with 10%
carbon. The description and properties of the polymer blends are shown
in Table 1 and testing conditions of unfilled polymers (nylon 6.6, PTFE,
and PEEK) were 44.5 N of normal load, 60 °C, and 0.172MPa of R-
134 A refrigerant pressure. The same conditions were employed for the
blended polymers, except the normal load, being 223 N. The experi-
mental conditions of the blended (filled) polymers were the same as in
the unfilled polymers. The experimental results showed that harder
unfilled pins such as PI and PEEK had almost no measurable wear
compared to the softest PTFE which displayed the highest wear and the
lowest COF among all the unfilled pins; these results agree with Ba-
hadur [73]. Regarding the experimental behavior of blended polymer
pins, constant load testing revealed superior wear performance of PEEK
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and PI (Vespel) compared to PTFE blended materials. The average COF
was roughly similar for all six blended polymers tested in R-134 A en-
vironment, while in air, the two blended PI (Vespel) samples exhibited
higher friction compared to its counterparts.

Wear rate versus COF for these blends is shown in Fig. 2. The wear
of the PEEK and PI blended materials was significantly less than the
PTFE blends. It was observed that the friction performance of PEEK
blended materials outperforms that of the polyimide (Vespel) blends in
R-134 A. It was also reported that PEEK blends consistently show lower
friction and quickly reach steady state. Moreover, most of the wear of
the blended pins occurred during the running-in, which was found by
comparing wear rates during shorter and full duration experiments. The
critical role of running-in period in the development of the transfer
layer is well-understood [72] and will be discussed further in the pre-
sent review.

Under the aforementioned experimental conditions for the blended
polymer pins, the tribological performance of different ATSP/PTFE
blends with different mixing ratios of 75/25, 50/50, and 25/75 de-
scribed as C1, C2, and C3 respectively were studied and compared
against pure ATSP and pure PTFE. Fully cured powdered ATSP remains
well dispersed in the high viscosity PTFE melt at any concentration. The
detailed description of synthesis of fine-powdered ATSP and production

of ATSP and PTFE composites can be found in Ref. [62]. Among the
polymers tested in Refs. [65–67], unfilled polymers showed much
higher wear rates; all other nine filled polymers wear rate and COF are
summarized in Fig. 2. The COF values are similar for all ATSP/PTFE
blends and comparable to the PIs (Vespel blends); however, the stan-
dard deviation associated with the COF of the PI blends was higher,
confirming the long high friction transient period claimed in Ref. [11].
It was also observed that PEEK blends exhibited the lowest COF values,
while PTFE blends with graphite and carbon had moderate COF values
and high wear rates.

Overall, under controlled testing conditions ATSP/PTFE blends
showed very stable friction values during the experiments when com-
pared with PEEK blends and Vespel blends, which exhibited high COF
during the running-in period. The wear performance of ATSP/PTFE
blends improved significantly compared to unfilled ATSP. Wear rate of
the pin for C2 is smaller than both grades of the Vespel and PEEK
blends, which shows the benefits of the ATSP/PTFE combination in
terms of friction and wear reduction.

Fig. 1. Details of the High Pressure Tribometer (HPT): a) schematic of the equipment, b) sliding interface, c) details of the self-aligning shoe holder.

Table 1
Blended polymer description.

Material Trade Composition Modulus (GPa) Hardness

WP122 90% Teflon®,10% Graphite – 60 (Shore D)
WP191 75% Teflon®, 23% Carbon, 2% Graphite – 63 (Shore D)
Vespel®SP-21 Vespel® (polyimide), 15% Graphite 2.89 25-45 (Rockwell E)
Vespel®SP-211 Vespel® (polyimide), PTFE, Graphite 2.06 1-20 (Rockwell E)
PEEK Bearing Grade, HPV PEEK, 30% Carbon Fiber/PTFE 5.86 85 (Rockwell M)
PEEK, Carbon Filled PEEK, 30% Carbon Fiber 9.65 104 (Rockwell M)
ATSP/PTFE 75% ATSP, 25% PTFE – 72 (Rockwell M)
ATSP/PTFE 50% ATSP, 50% PTFE – 48 (Rockwell M)

Note: Teflon is a Dupont registered trade name for PTFE.
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3.1. Fundamentals of the transfer films of bulk polymer blends onto metal
surfaces

One of the key aspects that make some high-performance polymers
stand out in sliding applications is their self-lubricating capability or
their potential to form transfer films. This potential is what makes them
attractive as substitutes for traditional metal/metal tribopairs at the
boundary/mixed lubrication regime, by a polymer/metal tribopair in
the absence of lubricant. The formation of transfer films plays an im-
portant role in the reduction of power consumption during sliding of
polymer/metal interfaces. It has been verified that the parameters that
have a strong influence on the transfer of polymer films on to metallic
countersurfaces during sliding are: sliding speed, surface roughness,
normal load, environment, and temperature. For instance, testing un-
filled PTFE and PEEK polymer pins under the conditions described in
Ref. [11], demonstrated that such pins are not able to develop strongly
adhered and uniform transfer layers. However, reducing the testing
sliding speed to 0.5 m/s yielded a continuous and even layer of ap-
proximately 2 μm thick (see Fig. 3a). Using SEM-EDS, the intensity of
surface elements (not compounds) were obtained from a spot on the
dark area (see Fig. 3a) and are shown in Fig. 3b (counts per second (cps)
vs energy), where the presence of large carbon and oxygen peaks next
to relatively small iron peaks can be observed, suggesting the dominant
presence of polymer main materials, namely carbon and oxygen. In
comparison, as shown in the EDS spectrum in Fig. 3c, strong iron peaks
and negligible carbon and oxygen peaks in the spectrum indicate the
weak presence/absence of polymer in the spot of the light area of
Fig. 3a. Note that the thick black arrow in Fig. 3a shows the sliding
direction.

Ovaert, in two different studies, reported that under the same
testing conditions transfer layers were formed on rougher surfaces,
while films were observed on smoother countersurfaces [74–76]. As
previously mentioned, films are well adhered, while layers have a weak
adherence and are not well attached to the contact surfaces. It was
ascertained that films decrease the wear rate, while the layers have no
significant effect in reducing it. This conclusion was drawn through
relevant scanning electron microscopy (SEM) images and corre-
sponding tribological data [11]. Bahadur claimed that normal lumpy
transfer films display a thickness of 0.1–1.0 μm (as mentioned before)
and were characteristic of sliding of low-density polyethylene,

polypropylene, and nylon 66 against 316 stainless steel. On the other
hand, transfer films (thinner layers with thickness< 0.1 μm) were as-
sociated with material transfer of PTFE, at low sliding speeds, inter-
mediate temperatures and smooth counterface roughness [73]. It was
concluded that transfer films have an influence on the wear rates and
the main mechanism of transfer film development onto metallic coun-
terfaces is adhesive forces between the polymer and the metallic sur-
face.

Comparing these phenomena with the above-described study of
filled and unfilled polymers, it can be affirmed that PTFE produces
transfer layers (patchy or non-uniform transfer films), since it does not
adhere well to the asperities of the counter surface under the tested
conditions. Bahadur also studied the basic mechanisms of transfer of
polymers as a function of sliding time, speed, and load; it was shown
that for all different tribopair combinations, the thickness of the
transfer layer increased with an increase in sliding speed that was
justified by an increase in adhesion caused by the rise in frictional
heating. Moreover, decrease of the polymer transfer film thickness with
increasing load was observed and attributed to the higher compaction
and possibility of detachment of material from the countersurface. The
mechanisms involved in the material transfer from polymer to a harder
metallic counterface are mainly due to adhesion, which increases the
subsurface shear stress during sliding. The main driving adhesion me-
chanisms at the polymer-metal interface include Coulomb, van der
Waals and bonding forces due to chemical reactions, while adhesive
junctions at the interface of the tribolayers are formed by cohesive
forces, as shown in the schematic of Fig. 4 [77–79]. Cohesive forces
have been demonstrated by XPS studies of PTFE sliding against stainless
steel and nickel, where the end caps of PTFE interact with the free
radicals of the metallic surfaces, which lead to adhesive junctions being
formed (and is demonstrated by the presence of fluoride ions). As it will
be further shown in this paper, ion fluorides have also been found
through XPS during sliding of PTFE-based coatings against metallic
surfaces.

Further investigations regarding the transfer of PEEK onto rough
metallic sliding counterfaces have been carried out. To explore the
dependence of the PEEK wear rate on sliding trajectory, two different
grades of PEEK were examined when D2 tool steel was employed as a
counterface. In the case of unidirectional sliding motion, uneven and
intermittent films were observed, while for reciprocating motion, a
smoother and more evenly distributed film was generated resulting in
the reduction of COF [80]. In a related study, a reciprocating pin-on-
plate configuration was employed to investigate the effect of counter
surface topography on the wear mechanisms of Polyacetal (POM)-20%
PTFE composite. Surface texture was deemed as a critical contributor to
the friction behavior in sliding contacts. In addition, among the surface
characteristic parameters, the mean slope of the profile (Δa) exhibited a
major influence on friction, where higher Δa correlates with higher COF
values under both dry and lubricated conditions. Direct correlation of
the COF values and the mean slope value was attributed to severe shear
traction, consequently higher rate of material removal [81]. Experi-
mental investigation of COF and wear of PTFE-based composites sliding
against 42CrMo4 steel exhibited similar tribological trends. Moreover,
the significance of the shape of the asperities was revealed through
correlating its statistical descriptors to the tribological performance of
the composites [82].

Progressive deterioration of the wear of PEEK was attributed to the
increase in the RMS roughness of its sliding countersurface, which in-
creased from 0.13 μm to 0.76 μm [83]. Another indicative sign of
change in the wear mechanism was the transition of the morphology of
generated wear debris from sheet like to small fragmented particles,
which could be correlated to delamination and abrasive cutting me-
chanisms, respectively. The effect of roughness of the metallic coun-
tersurface (a rotating gray cast iron disk) on the intensity of the poly-
meric transfer films was also investigated [59]. PEEK with carbon
fibers, Vespel SP-211 (polyimide, PTFE, graphite), Vespel SP-21

Fig. 2. Friction coefficient vs. wear rate of blended polymer pins sliding against
cast iron in R-134 A (2.4m/s, 7.0MPa, R-134 A @ 25 psi, 60 °C), (reprinted
from Ref. [11] with permission from Springer).
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(polyimide, 15% graphite), and ATSP (75% ATSP-25% PTFE) were
tested. The average initial surface roughness of the smooth disks was
Rq= 0.094 ± 0.015 μm (i.e., mean ± one standard deviation) while
that of the rougher disks was Rq= 2.16 ± 0.41 μm [11]. It was as-
certained that surface roughness plays a critical role in the development
of film transfer of polymers, compared to other surface characteristic
parameters including oriented scribing and machine patterns, which
provide insignificant contribution on film transfer [75,76].

Using a contact profilometer (under very low load) 10-mm long line
scans across the wear track of the tested disks, and on different

locations, revealed the presence of an intermittent transferred layer (a
layer whose thickness varies greatly along the length of the wear track)
from the polymer pin to the disk surface (Fig. 5a). It is noteworthy that
the material transferred from the PEEK and ATSP pins to the wear
tracks on the rough disks produces a patchy - layer (see Fig. 5a and e)
when compared to the almost immeasurable layer transferred from
SP21 (Fig. 5c). This difference is believed to be related to the relatively
low hardness of the PEEK and ATSP (when compared to SP21) that
makes them capable of depositing and compacting thicker layers of
material on the rough countersurface, while the disk slid against SP21

Fig. 3. Cast iron SEM-EDS image at 500X inside and outside of the wear track of PEEK with carbon fiber in R-134A: b) EDS spectrum in the dark area, c) EDS
spectrum in the light area (reprinted from Ref. [11] with permission from Springer).

Fig. 4. Schematic of the mechanism of transfer films at polymer-metal interface. Transfer films are a function of sliding velocity, interfacial temperature, surface
roughness, and normal load.
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shows almost no measurable transfer layer.
Contact profilometry measurements performed on the smooth disk

revealed a uniform continuous polymer transfer film with an approx-
imate thickness of 0.3 μm (Fig. 5b). Development of a transfer film on
the smooth disk can be confirmed through its low initial surface
roughness (Rq < 0.1 μm). This behavior was observed on the other
polymer pins (SP-21 and ATSP), comparing transfer of material onto
rough vs smooth surfaces. Moreover, one could recognize that the
majority of the wear occurred during the running-in period, as the pins
had the same wear when the tests were stopped right after this transient
stage, compared to the ones obtained at the end of the full duration of
the experiments.

A closer look into the wear track of the smooth gray cast iron disk
tested against Vespel SP-21 is shown in Fig. 6b where the profilometry
measurement inside the wear track shows transfer of material of ap-
proximately 0.4 μm. These measurements agree with those of Bahadur,
where material transfer is considered a transferred film when its
thickness is in the range of 0.1–1 μm [73]. Surface profilometry mea-
surements pointed to an intermittent transfer layers and continuous

unbroken transfer films on metallic disks from polymeric pins, which
were later confirmed by SEM microscopy images. Shown in Fig. 7, PEEK
generated a discontinuous transfer layer when tested against the disk
with higher roughness (Fig. 7a and b), affirming the profilometry
measurements depicted in Fig. 5a. In contrast, pins made of PEEK with
carbon fiber produced a continuous transfer film on the disk with low
roughness as shown in the SEM images (Fig. 7c and d). By comparing
SEM microscopy images of Fig. 3 with those obtained in Fig. 7 the
presence of a transfer film is evident.

Results using Dispersive X-ray Spectroscopy (EDS) analysis shown in
Fig. 3 show the elements with the highest intensity. Gray cast iron
comprised of up to 4% carbon (in the form of graphite) in its compo-
sition, which is expected to be homogenously spread in its structure.
However, the intensity of the content of the carbon obtained in the
untested sample clearly demonstrates the presence of this constituent,
notably higher intensity of carbon all across the wear track (gray areas),
and significantly higher intensity on the dark spots should clearly have
an external origin. The main constituent of the PEEK material is carbon,
which is believed to be the external origin of transferred carbon (dark)

Fig. 5. Gray cast iron disk profilometric (wear) measurements across the wear track; after testing against PEEK: a) rough surface, b) smooth surface, SP21: c) rough
surface, d) smooth surface, ATSP: e) rough surface, f) smooth surface (reprinted from Ref. [59] with permission from Elsevier).

Fig. 6. Transfer film inside the wear track after testing of Vespel SP-21: a) against rough disk, b) against smooth disk (a transfer film of approximately 0.4 μm can be
observed).
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streaks and spots, hence providing evidence for the transferred layer.
Fig. 8 shows the wear rates of different tested tribopairs plotted

against the measured COF. Note that COF of polymer pins tested against
rough disks were generally lower compared to the COF of pins tested
against smooth disks (except for SP211). This behavior can be ex-
plained by the fact that when a pin is brought in contact with a smooth
surface, it will have more contact spots or asperities compared to a
rough surface. Consequently, a larger real area of contact between the
surfaces will result in higher shear tractions of the hard asperities of the

disk to plow and abrade material from the soft pin. Now because the
smooth surface is capable of producing a more uniform film, it is ex-
pected to experience higher adhesion force between transferred
polymer (on the disk) and the original polymer on polymer pin. As-
suming that adhesion force outweighs the plowing/abrasion force,
higher COF in smooth disks will be expected. Note that in Fig. 8 no
error bars were included in the COF data points due to the fact that after
the running-in in the original experiments, the COF was stable and the
calculated standard deviation was minimal.

Although the COF values were higher when pins were tested against
smooth compared to rough disks, interestingly the wear rates were si-
milar when the same pin material was tested against both surfaces. In
the original study, the difference in the initial Rq in smooth and rough
cases was one order of magnitude (0.1 μm vs 2.16 μm), and most ma-
terial transfer from the pin to the harder countersurface took place
during the running-in period. After testing, it was observed that the
wear rates were similar on the pins tested on smooth and rough sur-
faces. This is attributed to the same transient running-in period which is
identical in both cases (see Fig. 9a). Based on the previous explanation,
during transfer of polymer films/layers, higher COF values do not ne-
cessarily lead to higher wear and wear rate of blended polymers with
PTFE, which was lower in all cases compared to those pins which do not
include it (see Fig. 8). Error bars (in Fig. 8) refer to one standard de-
viation in wear rate measurements, since wear is not completely uni-
form along the wear track, and variation is present during the calcu-
lations of wear rate. Comparative analysis of the tribological
performance of the tested pins in both high and low roughness tests
shows that ATSP/PTFE 75/25 could be a potential candidate for re-
duced oil and oil-less applications in machinery, e.g., air-conditioning
and refrigeration compressors.

SEM microscopy images of the wear debris of Vespel SP211 and
Vespel SP21 are shown in Fig. 10. Wear debris of small irregular par-
ticles (denoted as I) and sheet or film-like shape (denoted as II) are

Fig. 7. SEM microscopy images of the rough disks tested against PEEK with carbon fibers; rough case: (a) x25 discontinuous transfer layer, (b) x100 magnification.
Smooth case: PEEK with carbon, (c) x30 continuous transfer film, (d) x100 magnification (reprinted from Ref. [59] with permission from Elsevier).

Fig. 8. Wear rate of polymer pin versus friction coefficient for the different pin
materials tested against both rough (high Rq) and smooth (low Rq) counterface
disks. Error bars designate ± one standard deviation (reprinted from Ref. [59]
with permission from Elsevier).
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shown in Fig. 10b after testing of Vespel SP21 against the rough disk.
Small irregular morphology was mainly dominant in Fig. 10a and was
produced by plowing (microcutting) of the top asperities of the harder
counterface disk, in such a way that they plough the pin material at the
interface. However, sheet-like shape is the dominant morphology of the
wear debris generated in the tests conducted against smooth disks
shown in Fig. 10b and d. This observation led to the conclusion that
sheet-like wear debris generated during sliding of the SP21 pins against
a smooth surface (Rq < 0.1 μm), are more susceptible to form transfer
films during sliding compared to irregular particle-like shape wear
debris obtained during the testing of SP21 against a rougher disk, which
generate transfer layers. In addition, the morphology of the debris could
indicate the dominant wear mechanism(s), as in the case of abrasive
wear, because of the plowing of the asperities in the countersurface,
rounder debris with irregular shape are generated. In comparison sheet-
like (flakes) wear debris are expected as a result of delamination, which
could be an indication of a fatigue wear mechanism.

The dominance of small irregular shape wear particles is justified by
surface profilometry results. Based on Rq measurements, a rougher disk
surface suggests larger deviation of asperity heights with respect to a
mean plane, meaning that fewer contact spots will be plowing and
abrading material from the polymer pin at the interface. Although, Rq

provides description of asperity height deviation only, it can be un-
derstood that higher Rq values will end up generating a smaller real
contact area compared to the case of smooth surfaces. Based on the
previous assumption it can be ascertained that a small percentage of
asperities eventually abrade the material, causing edge tearing like
deformation into the surface of the pin. Abrasion of the harder aspe-
rities on the pin will be caused by low loading cycles (local plastic
deformation is caused by repeated contact stresses on the surface of the
pin) per revolution of the disk.

Under many repetition cycles, a region on the surface of the pin
fractures and eventually peels off by plastic deformation and fatigue
delamination (caused by repeated low cycling loading) to form the
debris. In contrast, a higher number of contacting asperities from the
surface of the smooth disk on to the pin are being present, forming
sheet-like wear debris under a higher number of loading cycles that
induce fatigue delamination (meaning a higher contact area).
Consequently, the shear traction cycles in a specific region of the pin
during sliding increases, causing the shearing of longer traces of ma-
terial from the pin. Alike wear particles were mainly observed after

testing of Vespel SP211, being particle-like debris more dominant at
high Rq (Fig. 10e) and film-like debris mainly present at low Rq,
Fig. 10f. A high-level summary of the performance of unfilled and
blended bulk polymers is presented in Table 2 and can be used as a
design guide in selecting materials for tribological applications.

4. Blended polymer coatings with high load-bearing capacity

Blended polymeric coatings (i.e., different polymer matrix blended
with solid lubricants and chemicals aimed to withstand high normal
loads) with high load-bearing capacity are emerging as viable candi-
dates for applications where the lack of a separate lubricating medium
is preferred or in operating conditions where atmospheric contaminants
such as abrasive particles result in malfunction or contamination of the
lubricating fluid [84]. Some of the most widely used blended polymers
intended for coatings suitable for applications that require high load-
bearing capacity are PEEK, PTFE, ATSP, and Fluorocarbons [85]. Solid
lubricants such as MoS2, graphite, and filler particles such as ceramic
and boron nitride can be implemented to enhance the tribological
performance under unlubricated operating scenarios. In addition,
ATSP/PTFE can be applied in coating format in the range of tenths of
microns to address tribological issues under lubricated and un-
lubricated conditions.

There is abundant literature on the tribology of PEEK and PTFE-
based coatings produced by various spraying techniques and tested
under different experimental conditions and lubrication regimes. For
instance, the tribological behavior of amorphous PEEK was found to be
temperature dependent [86]: The coating mainly prepared of semi-
crystalline PEEK powder (Victrex Scales Ltd.) was deposited on alu-
minum disks and rendered amorphous through heating the substrate
coating up to 400 °C followed by quenching in water at room tem-
perature. Experimental results of the COF and wear rate of the PEEK
showed respective maximum and minimum as the contact temperature
at the sliding interface exceeds the glass transition temperature of PEEK
(Tg= 179 °C). Employing differential scanning calorimetry (DSC) and
X-ray Diffraction (XRD), crystallization of PEEK was revealed as the key
contributor to this phenomenon. Crystallization of the coating improves
its mechanical properties and increases its stiffness, resulting in en-
hanced wear behavior [59].

Researchers demonstrated the transition of PEEK molecules and
rearrangement of the grains to render the crystalline structure, when

Fig. 9. Experimental results from Polyimide (Vespel SP21): (a) friction coefficient, (b) near contact temperature as functions of time (reprinted from Ref. [59] with
permission from Elsevier).
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Fig. 10. SEM microscopy images of wear debris after testing of Vespel SP21: a) x100 and c) x250 show debris after testing against the rough surfaces. b) x100 and d)
x200 after testing against the smooth surfaces. e) x250 and f) x200 show wear debris of Vespel SP211, after testing against the rough and smooth disks, respectively
(reprinted from Ref. [59] with permission from Elsevier).

Table 2
Summary of tribological performance of high-bearing bulk polymers.

Material Observations

Unfilled bulk polymers Unfilled polymers aimed for tribological applications such as PTFE, Nylon 6.6, Polyimide (PI), and PEEK have lower elastic modulus (E),
hardness, bearing failure or PV values (pressure times sliding velocity), and higher wear rates, compared to filled or blended polymers such as
Vespel SP-21, Vespel SP-211, PEEK BG, and PEEK with carbon fibers [11].
Although [47] does not recommend the use of lubricants with polymers (as they can cause plasticization), experimental results [11] showed
compatibility of these polymers with POE lubricant and air-conditioning compressor refrigerants. In general, tribological testing under the
presence of refrigerant displays slightly lower COF to those performed in ambient air.
Wear rates from lower to higher values were obtained for unfilled PI's, PEEK, Nylon 6.6, and unfilled PTFE (albeit lower COF), respectively.
Unfilled polymers are appropriate for tribological applications where bearing normal loads are not high, thus induced wear rates are
insignificant.

Filled or blended bulk polymers High bearing blended polymers such as Vespel SP-21, Vespel SP-211, PEEK BG, PEEK with carbon fibers, and ATSP are suitable for tribological
applications, based on their higher mechanical properties, lower wear rates, and higher PV values, compared to their unfilled counterparts.
Experimental results prove that PI's, PEEK, and ATSP polymers blended with PTFE show lower COF compared to the ones that do not include
this solid lubricant.
From lower to higher wear rates, ATSP (75/25), Vespel SP-211, and PEEK BG performed the best, respectively.
In applications where thermal conductivity is of paramount importance or heat needs to be moved away from the source, PEEK with carbon
fibers, and Vespel SP-21 provide better heat conduction compared to the other listed blended polymers.
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temperature exceeds Tg [87,88]. Thermoplastic polymer structure
transforms to spherulites (spherical crystalline regions of lamellar
structures) because of polymer crystallization. This rearrangement to
lamellar regions and transformation in the structure results in higher
hardness and density when compared to the initial disordered poly-
meric chains through confining its slippage and motion [89,90]. The
effect of adding PTFE to PEEK on its load carrying capacity was studied
[91,92]; results obtained from ToF-SIMS showed the transfer of a PTFE
film to the countersurface while its effectiveness is contingent upon its
level of dispersion homogeneity in the PEEK base material.

In another study, three different commercial PTFE-based coatings
namely DuPont 958-303, DuPont 958-414 and Whitford Xylan 1052
were tested against 52100 steel under unlubricated conditions [12].
The first two coatings were PTFE/pyrrolidone based, while the latter
was PTFE/MoS2. These coatings were deposited on Gray cast iron
(Dura-Bar G2) disks with an initial RMS roughness of 0.2–0.4 μm. After
deposition, the surface roughness of the coatings was measured and
found to be Rq= 3.3 μm for DuPont 958-303, Rq= 1.2 μm for DuPont
958-414 and Rq=2.3 μm for Whitford Xylan 1052. All coatings were
tested under reciprocating motion with two different loading scenarios.
First, a constant load of 111 N (generating 115MPa initial Hertzian line
contact pressure) was used to examine the wear resistance and me-
chanisms in each case. In the second set of experiments, a higher load of
445 N (producing 460MPa initial Hertzian line contact pressure) was
applied to explore the wear performance under extreme conditions. In
all tests, an oscillating trajectory with amplitude of 30°, at a frequency
of 4.5 Hz were used. The diameter of the trajectory was set at 47.6 mm
that generated average and maximum linear velocities of 0.21m/s and
0.33m/s, respectively. A schematic of the contact and samples used is
shown in Fig. 11. To explore the applicability of these coatings in oil-
less compressors, all tests were conducted in three different gaseous
media, ambient air (R.H. 40% and 22 °C), R410a (0.17MPa and 60 °C),
and CO2 (0.17MPa and 60 °C). Moreover, under CO2 atmosphere, an-
other study focused on the wear performance as a function of running-
in conditions.

Experimental results at 111 N load showed that all three coatings

exhibited similar COF throughout the experiments; however, at 445 N,
there was an incremental increase in the COF, but after some time a
steady state was reached for all coatings. This behavior could be due to
the higher wear caused by the 445 N load, in which case the COF in-
creases monotonically until sufficient amount of wear debris is pro-
duced during the oscillatory motion. In this case, wear debris acts as a
third body, while stays trapped at the contact interface. In the same
study, it was also shown that the coating was quickly penetrated and
the majority of the wear occurred within the first few minutes of the
experiment (Fig. 12). Experimental results regarding refrigerant

Fig. 11. Semi-cylindrical self-aligned pin-on-disk test configuration to simulate the oscillatory contact between the wrist-pin and the connecting rod on a piston type
compressor; a) Disk configuration, b) 52100 steel pin set up in the HPT, c) schematic of a piston type compressor, d) image of a wrist pin assembly with a connecting
rod.

Fig. 12. Friction coefficient, temperature and profilometric measurements for a
time study of 2, 5, 10 and 60min for DuPont 958-303 in CO2 at 445 N (rep-
rinted from Ref. [12] with permission from Elsevier).
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environment not only showed that they did not provide any significant
tribological difference, but also showed that all coatings were pene-
trated (coating thickness was in the order of 20–30 μm). Consequently,
scuffing was retarded by the action of wear debris, which behaved as a
protective third body. In the same work, it was also shown that poly-
meric coatings compared well against hard DLC coatings and represent
an economical answer to tackle the tribological challenges common in
compressors and related applications [93–95].

In a continuation of the above work, three different substrates;
aluminum alloy (Al390-T6), sintered iron, and gray cast iron (Durabar
G2) were coated with the aforementioned coatings to study the effect of
substrate on their performance [13]. By using X-ray Photoelectron
Spectroscopy (XPS), PTFE/MoS2 coating emerged as the only coating
that did not suffer severe scuffing when coated on Al390-T6 substrate.
As shown in Fig. 13a, it was found that peaks at 292 eV are related to C-
species coming from unreacted PTFE. This unreacted PTFE, also present
in the F1s core level spectra analysis (Fig. 13b), is seen as a peak at
690 eV. The obtained results revealed that PTFE underwent a frag-
mentation process that led to its interaction with the substrate material
namely, Al390-T6. This interaction resulted in stronger adhesion of the
PTFE to the substrate and subsequently its superior performance
[96–101].

Testing of blended polymers with high load-bearing capacity under
boundary/mixed lubrication conditions has also been performed, as is
of practical importance. The experimental setup used to simulate
boundary and mixed lubrication conditions is shown in Fig. 14. The
focus of the study was to understand the effect of the lubricant in ad-
dition to the refrigerant on the wear and friction of PTFE, PEEK, and
fluorocarbon-based coatings (coated on Dura-Bar G2 gray cast iron),
whose cross section is shown in Fig. 15 [102]. A constant normal load of
445 N and rotational speed of 2000 rpm were maintained during the
tests. The combination provided a sliding velocity of 4.8m/s and total
sliding distance of 8640m. At this loading condition, the nominal
contact pressure at the sliding interface was 8MPa. The ambient pres-
sure of the R-134 A refrigerant and polyalkylene glycol (PAG) lubricant
mixture was maintained constant at 0.17MPa (25 psi) inside the
chamber while lubricant was supplied at a rate of 40mg/min. The
significant reduction in the COF, as shown in Fig. 16 was attributed to
the transferred film from the polymer coating to the asperities of the

52100 steel.
Under unlubricated conditions, PTFE/PEEK coating showed an in-

teresting behavior; the COF further reduced to 0.03 while the wear rate
remained almost constant [102]. It was explained by the fact that the
PTFE component of the coating that covers its surface was transferred
to the asperities of the harder counterpart and worked as a third body
providing further lubrication as shown in Fig. 17. Under lubricated
conditions the shear force required to shear the lubricant film surpasses
that of the solid lubricant under dry conditions. Different levels of ad-
hesive interactions due to chemical reactions in the surface composition
were mentioned as another factor that could change the contact me-
chanism [103–105]. Thus, the effects of lubricant can be partially seen
in the debris type and contribution to the wear mechanism.

Using TOF-SIMS, shown in Fig. 18, one of the main polymer frag-
ment ions from PTFE was CF+ (31 m/z) which displayed the largest
value of normalized intensity outside the wear track, for all coatings.
Another interesting finding of this analysis was the lower changes in the
intensity of the CF + peak in the PEEK/PTFE and PTFE/MoS2 tests,
when compared to FC and PEEK/Ceramic (Fig. 18a). Depressed changes
in percentage variation demonstrate the improved wear resistance of
PEEK/PTFE and PTFE/MoS2 coatings when compared to FC and PEEK/
Ceramic (as directly correlated with the wear rates shown in Fig. 19).

Among the different coatings that were tested, PTFE/PEEK was the
only coating that could withstand the high load under unlubricated
conditions. In addition, the COF remained low. Such desirable proper-
ties are attributed to the layer structure of the coating where the PTFE
layer creates strong bonding with the substrate that controls the wear
rate. Overall, when blended PTFE-based coatings such as PTFE/
Pyrrolidone-2 (DuPont Teflon 958-414), PTFE/Pyrrolidone-1 (DuPont
Teflon 958-303), and resin/PTFE/MoS2 (Whitford Xylan 1052) were
compared with PEEK-based coatings such as PEEK/Ceramic (1707
PEEK/Ceramic), PEEK/PTFE (1704 PEEK/PTFE), Fluorolon 325, and
Fluorocarbon (Impreglon 218), PTFE/MoS2 under unlubricated oscil-
latory conditions in CO2 [12], it was concluded that the former coatings
outperform the latter, which is also summarized in Fig. 20 [14].

Considering the experimental testing conditions listed on [14], the
normal load was the same for both unidirectional and oscillatory ex-
periments. However, since the sliding speed was quite different
(0.22 m/s oscillatory vs 3.75m/s unidirectional), the sliding distance

Fig. 13. XPS core level spectra of the generated wear debris after testing 52100 steel pins against Al390-T6 coated with C2 and C3 coatings: (a) C1s; (b) F1s
(reprinted from Ref. [13] with permission from Elsevier).
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was much higher during unidirectional experiments (6.75 km) when
compared to oscillatory (0.396 km) under the same time duration. It is
thus evident that frictional heating experienced under unidirectional
conditions was higher compared to oscillatory conditions due to the
sliding speed. Thus, under unidirectional sliding the real contact area at
the coating-pin interface will experience higher thermal or frictional
loading compared to an oscillatory experiment; as a result, ductility of

the polymeric coating might be affected due to the rise in temperature
which increases adhesion and material transfer from the coating to the
counterface. Under oscillatory conditions, on the other hand, heat is not
only dissipated over a small contact area but sliding distance reverses
once per unit cycle; this causes a less effective transfer of material,
compared to the unidirectional case. It can be hypothesized that under
reciprocating or fretting contacts, capture of heat over a small area

Fig. 14. Samples and components used during HPT testing; a) upper rotating disk and shoe, b) components of the shoe holder, c) pressure nozzle to spray R-134a/
PAG mixture, d) original shoe, e) modified shoe (reprinted from Ref. [74] with permission from Elsevier).

Fig. 15. Cross sectional SEM images of the polymeric coatings; a) PEEK/PTFE, b) PTFE/MoS2, c) Fluorocarbon, d) PEEK/Ceramic (reprinted from Ref. [102] with
permission from Elsevier).
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could increase adhesion (less distance to dissipate heat) and material
transferred at the polymer coating-pin interface, but at the same time
material transferred during each stroke of the cycle is loosened and
could be removed by the reverse stroke, being the removal of material
more dominant under high contact stresses (line contact). This re-
petitive replenishment of the removed material by new material from
the coating, results in higher wear rates and higher COF values for the
same coating material when oscillatory is compared to unidirectional
conditions.

The role of transfer layers and transfer films was also investigated
under fretting experiments (small amplitude reciprocating oscillatory
condition at 4.4 Hz), both under unlubricated and lubricated conditions
using R-134 A and POE lubricant (31.2 cSt at 40 °C and 5.8 cSt at
100 °C). PTFE/Pyrrolidone (DuPont Teflon 958-414) and PEEK/PTFE
(1704 PEEK/PTFE) were tested against Dura-Bar G2 gray cast iron. It
was found that PTFE/Pyrrolidone coating was capable of forming a
stable and uniform transfer film on the pin surface preventing scuffing.
Such film was formed by trapping polymer wear debris within the as-
perities of the rough pin surface, which gradually covers them. The
addition of lubricant at the interface in the presence of the polymeric
films was not proven to provide additional tribological benefit as wear
depth was higher, compared to the unlubricated condition. It was

Fig. 16. Experimental results of friction coefficient and near contact tempera-
ture for PEEK/PTFE under starved lubricated conditions; RT represents the in-
itial near-contact temperature below the sliding interface before the transfer
layers are formed (reprinted from Ref. [102] with permission from Elsevier).

Fig. 17. SEM microscopy images of the shoes tested under starved lubricated conditions; a) PEEK/PTFE, b) PTFE/MoS2, c) Fluorocarbon, d) PEEK/Ceramic (reprinted
from Ref. [102] with permission from Elsevier).
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postulated that the removal of the wear debris by the lubricant pre-
vented the formation of a transfer film [106].

The performance of a high bearing blended PTFE/ATSP in coating
format aimed for oil-less applications in environmentally friendly re-
frigerant HFO-1234yf was investigated [40]. PTFE/ATSP blended
polymer coatings were tested under unlubricated and starved lu-
bricated conditions along with PTFE-based coatings and Fluorocarbon-
based coatings. Previous studies on the tribological performance of the
metal contacts in the presence of HFO-1234yf revealed an undesirable
instability in the COF [107,108]. Under controlled experimental con-
ditions, the COF was measured for various coatings in both

unlubricated and boundary lubricated conditions. PTFE/ATSP samples
showed superior performance compared to other samples in both types
of contact. The unfavorable interaction between incompatible lubricant
and coating can yield unexpected detrimental outcomes. Doubling of
the COF from dry contact to lubricated contact in the case of PTFE/
MoS2 and unstable COF that led to scuffing seizure with PAG lubricant
in HFO-1234yf refrigerant are typical examples.

Under unlubricated contact experiments, the fluorocarbon coating
was almost completely removed. The rest of the coatings did not show
severe wear with the PTFE/ATSP coating being minimally affected. For
lubricated experiments, PTFE/MoS2 and PTFE/PEEK coatings devel-
oped deep wear scratches that were justified by the adverse interaction
between the coatings and the PAG lubricant. In addition, film transfer
was studied for the two cases of PTFE/MoS2 and PTFE/ATSP on the
52100 steel. For PTFE/MoS2 using EDS and SEM analyses, the PTFE
film was detected on the steel counterface for unlubricated contacts.
This material transfer changes the dominant tribopairs from apparent
polymer coating on steel to polymer coatings on PTFE film. For PTFE/
ATSP coating, a noticeable transfer film of ATSP to the steel counter-
surface was observed, making sliding motion easier at the interface.
This process helps the surfaces to sustain stable friction behavior and
keep their morphological integrity [109,110].

In another study, C182000 (chrome-copper) sand blasted disks were
coated with ATSP (detail preparation of ATSP coatings can be found in
Ref. [111]) using electrostatic spray deposition [16]. In these coatings,
ATSP was blended with PTFE-based powder (Zonyl MP1100) to reduce
the COF; considering the fact, they were designed for severe operating
tribological conditions on tilting pad bearings for ESPs in oil wells
[112–117]. ATSP-based coatings were compared to PEEK-based coat-
ings (1704 PEEK/PTFE) deposited on the same substrate by an

Fig. 18. TOF-SIMS normalized values of intensity as extracted by TOF-SIMS spectra of coatings tested under starved lubricated conditions (reprinted from Ref. [102]
with permission from Elsevier).

Fig. 19. Wear rate vs. friction coefficient of different blended polymer coatings
under starved lubricated conditions. Error bars designate plus and minus one
standard deviation (reprinted from Ref. [102] with permission from Elsevier).
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authorized vendor [85] and both coatings were tested against 4130
steel and C932000 bronze cylindrical pins. The experiments were under
submerged lubrication [118] in abrasive slurry composed of three body
(silica) sand (2 wt% silica sand #140) and ISO 46 mineral oil to si-
mulate a contaminated lubricated system; three-body abrasive wear by
sand in ESPs is seen in the main thrust pad bearings once there is a
leakage in the seal section.

To study the effect of abrasive sand, experiments were conducted
using sand-contaminated oil and pure oil lubricants. Particles of ap-
proximately 53 μm in size were used in the slurry at a nominal contact
load of 180 N (equivalent to a nominal contact pressure of 6MPa)
during 30min, 80min, and 120min at a sliding speed of 1.9 m/s. To
provide a baseline, C182000 was also tested against the pins under the
same testing conditions. Lower COF in the case of PEEK/PTFE coating
compared to ATSP was attributed to the lower initial roughness of the
PEEK/PTFE coating. Wear rates of ATSP tested with smaller sand size
were higher compared to the case of larger #140 sand; the explanation
for this behavior was due to the dispersion and filtering of smaller sand
particles at the contact interface, compared to particles of larger size
(up to 300 μm) [119,120]. Overall, considering the three different
materials tested, ATSP exhibited the lowest wear rate followed by
C182000, and PEEK/PTFE. From a COF point of view PEEK/PTFE,
C182000, and ATSP were ranked from lower to the higher values. By
analyzing the large scratch recovery of the ATSP coating system and
XPS analysis, it was shown that this enhancement was due to the pre-
sence of the tribolayer providing better tribological performance by the
presence of functional groups active in the ATSP coating surface. A
comprehensive summary of the tribological performance under typical
compressor/refrigeration compressors and ESPs conditions for various
blended polymeric coatings is presented in Table 3.

5. Micromechanical properties of blended polymer coatings with
high load-bearing capacity

Polymer coatings comprised of PEEK, PTFE, ATSP and their blends
coated on different substrates provide superior tribological perfor-
mance compared to bare metal tribopairs under boundary and mixed
lubrication regimes at different aggressive experimental conditions. An
understanding of how the superior performance of these coatings can be
explained based on their mechanical properties, chemical structure, and
different environmental conditions affect their performance is desired.
In addition, robust measurement of mechanical properties could pro-
vide insight into the contact and friction/wear performance of these
materials, without the need for specialized (and typically expensive)
tribological testing. Mechanical properties of a complex coating/sub-
strate system can be obtained using nanoindentation; but there is a

challenge in obtaining these micro/nano mechanical properties. A di-
rect correlation between the depth of the indentation and the exacer-
bation of the error related to substrate effect is well known. In shallow
indentations, the influence of the substrate material on the obtained
properties of the coating was minimized, however the artificial skin
effects such as surface topography, stage vibration and tip variations
were more pronounced. Studies dealing with the effect of the substrate
on the measured reduced elastic modulus and hardness have been re-
ported [121–124].

Measurements of the micromechanical properties of seven different
polymeric coatings, namely, PTFE/Pyrrolidone-1 (DuPont 958-303),
PTFE/Pyrroli-done-2 (DuPont 958-414), Resin/PTFE/MoS2 (Whitford
Xylan 1052), PEEK/PTFE (1704PEEK/PTFE), PEEK/Ceramic
(1707PEEK/Ceramic), Fluorocarbon (Impreglon 218), and PTFE/MoS2
(Fluorolon 325) deposited on grit-blasted gray cast iron (Dura-Bar G2)
disks were performed using a TI-950 TriboIndenter [15]. Calibration of
the tip geometry dubbed area function is an important step of in-
dentation measurements. The tip used is shown in Fig. 21. It uses a
compliance technique, where the mechanical properties are estimated
implementing Oliver and Pharr method [125]. A modified bismalei-
mide polymer (manufactured by BASF Corp) whose reduced modulus
was close to the elasticity modulus of the tested polymers was used as
the calibration standard instead of the commonly used Fused Quartz
standard with a significantly higher modulus (69.6 GPa), than the
tested polymers [126].

As shown in Fig. 22, a trapezoidal loading profile with 5 s of holding
period at the maximum peak load was applied to eliminate creep ef-
fects. In addition, to minimize substrate effects, different maximum
load values were used to obtain different contact depths. Shallow
contact depths (indenting few percent of the coating thickness) yielded
erratic hardness and elastic modulus. Observed discrepancies were at-
tributed to surface effects. A short plateau zone was seen once this
shallow contact depth was surpassed which was found to be about 10%
of the coating's thickness. Beyond this, a plateau region emerged ra-
pidly. It was decided that “true” micromechanical properties of the
coatings are achievable in this transitional region, as shown in Fig. 23
for the unloading indentations for Resin/PTFE/MoS2 and PTFE/Pyrro-
lidone-2 coatings. Micromechanical properties were compared using
both triangular and trapezoidal load functions at different loading rates
(2, 10, and 30mN/s). Higher loading rates used in triangular loads
exhibited negligible creep effect, and measured values were close to the
trapezoidal loading profile.

Even though partial unloading represents a fast way to readily ob-
tain a large volume of indentation data at different contact depths, it
shows some drawbacks for polymer coatings. One of the main dis-
advantages is the longer time to perform a test, which intensifies the

Fig. 20. Friction coefficient vs. wear rate of different PEEK and PTFE blended polymer coatings in CO2 (22 °C and 25 psi) environment at 445 N normal load under
both; unidirectional and dry-oscillatory conditions. A fluorocarbon-based polymer was also included in the study (reprinted from Ref. [14] with permission from
Elsevier).
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creep effect. The values of the reduced modulus and hardness were
obtained for multiple single-loading and partial unloading indentations
where maximum load was changed from 30 to 200mN. It was seen that
with partial unloading profiles, the obtained properties were slightly
higher compared to multiple loadings, but the differences were insig-
nificant. It is believed that this behavior is related to the cumulative
error caused by plastic deformation at multiple partial loadings at the
same indentation spot being more pronounced at higher contact depths.
The variation of the reduced elastic modulus and hardness against
contact depth (hc) is shown in Figs. 23a and b respectively. From Fig. 23
it can be observed that substrate effects can influence mechanical
properties at contact depths higher that 10% of the coating thickness. It
was ascertained that at some critical contact depth the plastic zone
induced by the indenter reaches the coating/substrate interface
[127–129].

Variation of the elastic modulus and hardness for five different
coatings as a function of contact depth is shown in Fig. 24. It can be
seen that all coatings show consistent values of reduced elastic modulus
and hardness at shallow contact depths (1.5–2.0 μm), except PEEK/
PTFE which shows large variability. Through in-situ profilometric
measurements it was shown that pile-up could overestimate the mea-
sured properties, but this was only observed in the case of PTFE/Pyr-
rolidone-1. These results agree with finite element simulations where it
was shown that for ratios of hf/hmax< 0.7 and for materials that do not
display significant work hardening Oliver–Pharr model can reliably be
used to obtained material properties [129]. Correlation of measured
properties with tribological performance shows agreement with pre-
vious studies, where it was explained that under the testing conditions
in Ref. [14], PTFE/Pyrrolidone-2 showed lower COF and lower wear,
compared to PEEK/PTFE-based coatings.

6. Conclusions

1. High performance bulk polymers including PEEK, Polyimide, ATSP
and different blends show superior tribological performance com-
pared to unfilled polymers under various practical testing condi-
tions;

2. Transfer of polymer films is continuous and uniform when testing
the blended high-performance polymer pins was performed against
smoother disk counterparts; while a transfer layer was observed on
the rough interfaces (Rq= 2.16 ± 0.41 μm). It was shown that
wear of the pin takes place during the running-in period. In addi-
tion, interfacial adhesion forces are higher when the pins are
brought into contact with a smoother surface leading to stronger
adhesion forces and uniform transfer films. It has been shown that
besides surface roughness, other parameters that contribute to
transfer films are sliding speed, test duration, and contact tem-
perature, while an increase in normal load decreases the thickness of
the transfer film;

3. Commercially available PEEK, PTFE, and ATSP coatings and their
blends show desirable tribological characteristics such as low fric-
tion and high wear resistance under different lubrication regimes
and high contact pressures. It has been proven that under high
contact pressures the wear debris generated and trapped at the
sliding interface act as a third body providing further resistance
against scuffing. By comparing the tribological performance of these
coatings, it was shown that under the atmospheres covered in this
study, environment does not play a significant role in their tribo-
logical behavior. Chemical analysis using XPS confirmed the pre-
sence of metal fluorides formed by the tribochemical reaction be-
tween the substrate and the coating. By direct comparison of ATSP-
with PEEK- and PTFE-based coatings, it was shown that ATSP ex-
hibited superior (“immeasurable”) wear resistance for short dura-
tion experiments (4.3 km) and long duration experiments (25.9 km),
while maintaining a moderate COF. Overall, these coatings are very
promising for oil-less applications such as air-conditioningTa
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compressors and ESPs;
4. Employing nanoindentation measurements and SEM images, it was

demonstrated that PTFE blended coatings exhibited repeatable
load–displacement curves and uniform micromechanical properties,
which is related to their homogenous microstructure. On the other
hand, PEEK coating's load–displacement curves were non-uniform

and unpredictable, which was attributed to its semi-crystalline
porous microstructure. PTFE coating exhibited superior tribological
performance under the aforementioned studies, which was ascribed
to its more refined tribological characteristics; and

5. Even though commercially available polymer coatings have been
extensively studied, further fundamental studies are still missing; in

Fig. 21. A) SEM image of Berkovich tip used in the high-load indentation measurements and b) zoom-in of tip end showing a nominal radius of curvature of about
170 nm (reprinted from Ref. [15] with permission from Elsevier).

Fig. 22. A) Load-displacement curve obtained from in-situ indentation on PTFE/Pyrrolidone, b) in-situ load and displacement vs time (reprinted from Ref. [15] with
permission from Elsevier).

Fig. 23. A) Elastic modulus (inset shows the same plot in log-log scale), b) Hardness values calculated from partial-unloading indentations for Resin/PTFE/MoS2 and
PTFE/Pyrrolidone-2 coatings. Indicated plateau regions show the polymeric coating properties without substrate effects (reprinted from Ref. [15] with permission
from Elsevier).
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fact, understanding the behavior of these polymer coatings, cou-
pling different phenomena such as visco-elasto-plasticity, strain
hardening under cycling loading (as in engineering applications),
and modeling could shed further light on the understanding the
tribological behavior of these materials, and enabling engineers to
design better interfaces for extreme operating conditions, including
oil-less machine operation.
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