Friction 11(4): 546566 (2023)
https://doi.org/10.1007/s40544-022-0615-8

ISSN 2223-7690
CN 10-1237/TH

RESEARCH ARTICLE

Modeling of contact temperatures and their influence on the
tribological performance of PEEK and PTFE in a dual-pin-on-
disk tribometer

Zhibin LIN', Ting QU', Ke ZHANG?, Qingbin ZHANG', Shengdao WANG?, Guibin WANG?, Bingzhao GAO*"’,
Guowei FAN*’

! State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130025, China

? Key Laboratory of High Performance Plastics, Ministry of Education, Jilin University, Changchun 130012, China

3 Clean Energy Automotive Engineering Center, Tongji University, Shanghai 201804, China

* College of Instrumentation and Electrical Engineering, Jilin University, Changchun 130061, China

Received: 13 September 2021/ Revised: 14 January 2022 / Accepted: 04 March 2022

© The author(s) 2022.

Abstract: The direct blending of polyether ether ketone (PEEK) with a solid lubricant such as polytetrafluoroethylene
(PTFE) improves its tribological performance, but compromises its outstanding mechanical properties and
processability. While these negative effects might be circumvented via the hybrid wear method, the influence of
the contact temperature between multiple sliding components acting together is not fully understood. Herein,
an analytical temperature model considering the influence of both micro- and macro-thermal behavior is
extended to predict the contact temperature of a dual-pin-on-disk hybrid wear system. The interactions
between several heat sources are investigated and experimentally verified. The analytical results show that the
nominal temperature rise of the shared wear track is determined by the combined effect of the heat generated
by both pin components, while the rise in flash temperature at the region in contact with each pin component is
dependent upon its individual characteristics and working conditions. Hence, while different temperature
peaks can coexist in the shared wear track, the maximum value dominates the performance of the system. For
the experimentally investigated PEEK-PTFE-steel hybrid wear system, the formation of tribofilms is blocked,
and the hybrid wear system fails, when the peak temperature exceeds the glass transition temperature of both
pins due to an increase in applied load.

Keywords: contact temperature; frictional heating; dual-pin-on-disk; hybrid wear

1 Introduction (e.g., polytetrafluoroethylene (PTFE) or graphite) [6, 7],

nanoparticles (e.g., Bi,O;, S5iO,, or CuO) [8], and

Due to excellent properties such as self-lubrication,
corrosion resistance, and insulation, the polymer
composites are gradually replacing metals as anti-wear
components in the automotive, aerospace, marine, and
other industrial fields [1-3]. However, the tribological
performance of the unfilled polymer material tends
to be poor, with a large friction coefficient [4] or wear
rate [5]. While this is generally improved by blending
with various types of filler, such as solid lubricants

micron-sized particles (e.g., bronze or AL,O;) [9], such
fillers may compromise the excellent mechanical
properties of the matrix polymer [10]. In addition, this
method may increase the viscosity of the polymer
melt, thereby weakening the processability via injection
molding [11, 12].

To avoid the negative effects of direct blending
upon the mechanical properties and processability,
a method of combining various types of polymer
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Nomenclature

A, Real contact area in the contact region
between Pin (i) and Disk (3) (m?)

d Diameter of test ring (m)

D Diameter of equivalent disk of the test ring
assembly (m)

F Applied load on Pin (i) (N)

) Seizure load (N)
h, Average convective heat transfer coefficient

of rotating test ring assembly (W/(m?2-°C))
H Hardness of Pin (i) (MPa)

K, Thermal conductivity of Component (i)
(W/(m-°C))

l Length of specimen pin (m)

L Sliding distance (m)

N, Number of contacting asperities on the contact
region between Pin (i) and Disk (3) (m)

Pe Peclet number

ispinn 1NOminal heat fluxes entering Pin (i) within

contact region of Pin (7) and Disk (3) (W/m?)

i3  Heat fluxes entering the real contact area of
Pin (i) within the contact region of Pin (i)
and Disk (3) (W/m?)

9aq  Heat fluxes entering the real contact area of
the disk within contact region of Pin (i)
and Disk (3) (W/m2)

Heat flow generated within contact region
between Pin (i) and Disk (3) (W)

Heat flow entering Disk (3) within contact

region of Pin (i) and Disk (3) (W)

Qi3

Qi 3disk

Qipn  Heat flow entering Pin (/) within contact region
of Pin (7) and Disk (3) (W)

7 Radius of specimen pin (m)

T, Load independent radius of a contacting
asperity (m)

T Radius of each asperity in the contact region
between Pin (i) and Disk (3) (m)

R Distance between the axis of the pin and ring (m)

S Area of the expose surface of the test ring
assembly (m?)

T .  Ambient temperature (°C)

T Peak contact temperature (°C)

T, Peak contact temperature of the sliding surface
of Pin (i) (°C)

T, .  Peak contact temperature of steel ring in
region contact with Pin (i) (°C)

AT, Transient flash temperature rise (°C)

AT, Transient flash temperature rise of pin (i) (°C)

AT, . Transient flash temperature rise of steel ring
in region contact with Pin (i) (°C)

T, Glass transition temperature (°C)

"«  Measured temperature of steel ring surface (°C)

AT, Nominal temperature rise (°C)

AT, Nominal temperature rise of Component (i) (°C)

v Sliding velocity of specimen pin on the ring (m/s)

w Angular velocity of test ring rotation (rad/s)

n Friction coefficient of Pin (i)

K, Thermal diffusivity of Steel ring (3) (m?/s)

a, Partitioning fraction of heat entering Pin (i)

within contact region of Pin (i) and Disk (3)

composite has attracted attention for improving the
tribological performance [13-16]. In the hybrid
wear method, one component of the conventional
dual-material friction pair is separated into several
independent components with individual compositions
and functions. The hybrid wear system allows the
composition of each component of the friction pair
to be independently designed in order to selectively
retain its good performance according to the specific
requirements,

thereby increasing the potential

application scope of the polymer composite wear

system. In addition, this approach offers greater
freedom and broadens the range of lubricant material
choices in the design of wear systems. For example,
Balic and Blanchet [17] improved the friction and
wear performance of Al sliding against a Cu
countersurface by adopting an independent PTFE
component. The friction coefficient and wear rate
of the aluminum were shown to decrease from 0.6
and 6 x 10° mm?/(N'm) to 0.3 and 1 x 10 mm?/(N-m),
respectively.

Based on the above discussion, hybrid wear
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systems are clearly worthy of further investigation.
However, the conventional test methods such as
single-pin-on-disk and ring-on-block friction pairs do
not meet the requirements for exploring the interactions
between multiple components. For instance, Lin et al.
[15, 16] recently explored the tribological performance
of pure polyether ether ketone (PEEK) in the presence
of an independent PTFE/bronze composite using a
dual-pin-on-disk apparatus. Their results demonstrated
that the hybrid wear method significantly increased
the wear resistance of pure PEEK from 10° mm®/(N-m)
to a level comparable to those of the blending method
(<107 mm*/(N'm)) without compromising its excellent
original properties. However, the load-carrying
capacity that directly decides the applicability of the
hybrid wear system remained unclear.

The load-bearing capacity of the polymer composite
wear system is often limited by the contact temperature
conditions [18]. The melting point of polymer materials
is much lower than that of metals. Therefore, both the
mechanical and tribological properties of polymer

composites are sensitive to the operating temperature.

High contact temperatures induced by a high-
temperature environment or large pressure—velocity
(PV) operating conditions often lead to early failure
of the polymer material due to severe wear [19, 20].
Additionally, polymer materials have very low thermal
conductivities compared to metals [21]. This makes
them very poor conductors and dissipaters of the heat
generated at the contact region, thereby resulting in a
high contact temperature. Therefore, an investigation of
the load-carrying capacity of the polymer-composite-
containing hybrid wear system should be performed
in combination with an investigation of the contact
temperature.

It is difficult to measure the contact temperature at
the actual micro-scale contact region (governed by the
surface roughness Ra) under sliding wear conditions
due to the presence of transient flash temperatures
[22]. Therefore, methods of estimation such as finite
element numerical models [23, 24] and analytical
methods [25, 26] have been developed to predict
the temperature field at the micro-contact region.
The latter are more suitable for making preliminary
estimates because they do not require the process of
modeling needed for the numerical method. Therefore,

fEN
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their application is not constrained by the specific
sample size. However, while the existing analytical
method has provided good estimates for the contact
temperature of a single-pin-on-disk configuration
[25, 27, 28], this method cannot be applied directly to
the dual-pin-on-disk configuration due to the presence
of multiple macro-scale heat sources in the same
wear track. Hence, the potential interactions between
these macro-scale heat sources should be addressed
properly.

In the present study, an analytical method is
developed to predict the contact temperature of a
dual-pin-on-disk configuration, and the corresponding
experiments are designed and performed. The effects
of the applied load and the contact temperature
upon the tribological performance of the hybrid wear
system are investigated by combining the predicted
contact temperature with the experimental results. In
addition, observations of the tribofilms and their worn
surfaces are used to investigate the wear mechanism
and to verify the accuracy of the analytical thermal
model.

2 Analytical thermal model of the dual-
pin-on-disk setup

21 Dual-pin-on-disk setup

As shown schematically in Fig. 1, the dual-pin-on-disk
configuration explored herein consists of the two
stationary polymer pins labelled Pins (1) and (2) and
a rotating Steel ring (3). Each specimen pin is a
cylinder with radius r, length [, and flat end faces.
One end of each pin is fixed in the pin holder, while
the other end is pressed onto the surfaces of the test
ring with axial loads of F, and F,. The test ring with a
diameter of d is mounted on a pivot-like disk holder,
such that both test ring and holder rotate synchronously
at an angular speed of w. The two specimen pins are
arranged symmetrically with respect to the axis of the
test ring, so that they are constrained to slide in the
same wear track on the steel ring surface during tests.
The distance between the axis of the fixed pin and the
rotation ring is R.

During the sliding process, the actual contact
area is often much smaller than the nominal contact
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Fig.1 Dual-pin-on-disk configuration: (a) computer-generated three-dimensional (3D) image, (b) two-dimensional (2D) schematic

diagram, and (c) plan view of the contact surface of the pin specimen, in which the dark regions represent the individual actual contact

areas and the light region represents the nominal contact surface.

area due to the presence of Ra [29, 30, 31]. Moreover,
the actual contact area of the sliding surface is
determined not only by Ra, but also by the applied
load and the elastic and plastic properties of the
material. The contact surface undergoing both plastic
and elastic deformation is often composed of multiple
micro-contact regions or junctions with generally
complex shapes. These factors all create difficulties
for the accurate estimation of the actual contact
conditions. Hence, researchers have developed a
number of methods for estimating the actual contact
area on the basis of idealized assumptions. For
example, the contact models of Greenwood and
Williamson [32] and McCool [33], in which the surface
asperity heights are assumed to follow a Gaussian
distribution and the contact asperities are hemispheres,
have been used to estimate both the actual contact
area and the number of contacts from the measured
topographical data. Numerical methods have also
been used to predict the sliding contact state [34].
Meanwhile, Ashby and Tabor [35, 36] introduced an
empirical formula relating the contact area to the
property (i.e., the hardness H) of the plastically-
deformed softer material. In addition, some novel
measurement devices have been developed to directly

measure the actual contact area for characterization
of the sliding contact state [37].

Given the large difference in H between the polymer
pin and the steel ring in the present study, the contact
model assumes that the deformations occurring in
the contact regions are all plastic deformation at the
surface of the softer polymer pin (Fig. 1(c)). Since
the flat end surface of the pin is in plane contact with
the topologically isotropic disk, it is assumed that the
actual contact area consists of several uniformly-
distributed circular contact asperities of the same size,
and that the temperature fields for the individual
contacts do not interact. The actual contact areas of
Pins (1) and (2) are then denoted as A, and A, and
are given by Egs. (1) and (2), respectively:

A, =N (1)

A, =N,mr;, (2)

where 7, and 1, are the radii of each asperity in the
regions of contact between Pin (1) and Steel ring (3),
and between Pin (2) and Steel ring (3), respectively,
and N; and N, are the numbers of contacting asperities
formed in the contact regions.

Most researchers agree that approximately all of the
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frictional energy (> 95%) dissipating in the contact
region is transformed into heat [38, 39]. Therefore, it is
assumed that all of the frictional energy is dissipated
as heat at the sliding surfaces, and the heat is conducted
uniformly through the two contacting bodies as a heat
flow within the actual contact area. During sliding,
the total heat flow generated within the contact area
between Pin (1) and Disk (3), denoted as Q3 and
between Pin (2) and Disk (3), denoted as Q»;, is given
by Egs. (3) and (4):

Qs = s ho = FwR 3)
Qy = mFv =, F,wR (4)

where x4 and pu, are the measured friction
coefficients of Pins (1) and (2) under axial loads of F;
and F,, respectively; v is the sliding velocity; w is the
rotational velocity; and R is the distance between the
axis of the fixed pin and the rotation ring (Fig. 1(b)).
The parameters Q, and Q,, can be further divided
into the heat flow entering the pin body (Qn) and
the heat flow entering the disk body (Quis), as given

by Egs. (5) and (6):

le = Q13pin + QlSdisk ®)
Q23 = Q23pin + Q23disk (6)

2.2 Development of the theoretical analysis method
2.2.1 Contact temperature model

The highest temperature under typical dry sliding
conditions occurs at the actual micro-contact region
between the two sliding surfaces. Based on the previous
work [25, 40], the peak contact temperature of a
sliding surface T, can be determined using Eq. (7):

’Tc = T;zmb + ATH + AT; (7)

where T

amb

is the ambient temperature, AT, is the
nominal temperature rise (or called bulk surface tem-
perature rise) that occurs a few tens of microns below
the actual contact surface, and AT, is the transient
flash temperature rise at the points of actual contact.
AT is caused by the macro heat accumulation due
to the repetitive operation of the heat source over the
sliding surfaces, and it is influenced by the large-scale
heat flow. However, the flash temperature rise AT,

at the micro-contact point of the actual contact area is
determined by the micro-scale heat flow properties. It
has been proven that AT, is not affected by large-scale
thermal behavior, such as thermal convection and
radiation [41, 42]. A simple method can be used
to distinguish between these two temperature
contributions. When a micro plateau region of the
sliding surface comes into contact, its instantaneous
temperature rises sharply due to the generation of
frictional heat; this transient temperature rise is defined
as AT.. AT, disappears quickly when the micro-region
is disengaged as the sliding process continues. The
remaining temperature rise above T
is AT, [43].

AT plays an important role in improving the

at this region

accuracy of temperature prediction models. Because
AT, is often higher than AT , several studies have
treated the predicted flash temperature rise as equal
to the maximum surface contact temperature [44, 45].
However, it should be noted that AT, is always
calculated on the assumptions that the counter surface
is semi-infinite and that all the heat generated is
rapidly dissipated by thermal conduction without
accumulation. In practice, however, the finite size
of the sliding bodies leads to increased temperature
of the sliding components due to the continuous
accumulation of heat, thereby leading to inaccuracy
in the method that considers only AT.. This was
verified by Rowe et al. [37], who demonstrated that
the calculated flash temperature agreed well with the
measured peak contact temperature during the initial
stages of the experiment or under the application
of forced cooling, but the measured T, became
significantly higher than the estimated flash temperature
due to heat accumulation as the experiment progressed.
Meanwhile, Kennedy et al. [25, 46] significantly
improved the accuracy of the temperature prediction
model by considering the effects of AT, due to the
large-scale thermal behavior (i.e., thermal convection
and conduction). Hence, the present study considers
the effects of AT . The expressions presented herein
are relevant for quasi-steady-state conditions.

2.2.2  Contact temperature of the stationary pin

The stationary pin is assumed to be cooled only by
the thermal conduction along its axial surface that is
directly connected to the steel pin-holder. However,
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the natural convection and radiation losses along its
lateral surface are neglected because they are too small
under this condition. Considering the comparatively
large heat capacity of the pin-holder, which is directly
connected to the device substrate, it is also assumes
that the heat flow entering the pin holder does not
cause any temperature rise. Therefore, as a boundary
condition for solving the AT of the pin surface, the
surface temperature at the end of the pin that is
connected to the pin-holderisheld at T _ .

Based on the 2D axisymmetric heat analytical
model of Ashby et al. [35], which considers the heat
conduction behavior, the AT at the contact surface of
the specimen pin can be expressed by Egs. (8) and (9):

l Q13 in l
AT‘nl = q13pin—n F = ﬂrpz F (8)
1 1
l QZS in l
ATnZ = q23pin—n K_ = 7_(1,132 K_ (9)
2 2

where ¢q,, . and g,,, = are the nominal heat fluxes
entering the bodies of Pins (1) and (2), respectively,
and K, and K, are the thermal conductivities of the
pin materials, and are assumed to be uniform and
constant.

In the case of uniform heat flux over a circular region,
Jaeger [47] indicated that the AT, of the pin surface
can be determined by Egs. (10) and (11):

7o Quli
ATy =G e = e (10)
171

1

AT =g T2 Qowl 1

2 = o3pin K2 ArZKZ (11)

where ¢q,, . and g, are the average heat fluxes

flowing into the actual contact area of the pin surface.

The resulting T on the two pin surfaces can then

be determined by inserting Egs. (8) and (10) or Egs. (9)

and (11) into Eq. (7) to obtain Egs. (12) and (13),
respectively:

. T,
p
Ql3 in l + QlSpm j1

= 12

cl amb 7_(7’2 Kl ArlKl ( )
. Qi

S — - + Q23p2m L'ﬁ‘ 23pin” j2 (13)
- K, A,K,

2.2.3  Contact temperature of the rotating disk

The rise in nominal contact temperature of the rotating
disk in the steady-state can be determined by the
thermal balance between the heat flow entering the
contact surface and the heat removed, which has been
proven to have a high prediction accuracy [48, 49].
Since the contact surface between the steel ring and
the disk-holder is smooth and both components are
relatively stationary during the test, the heat transfer
efficiency between them is very high. However, the
heat transfer between the rotating disk-holder and the
device is more-or-less blocked by the large thermal
resistance between the inner and outer rings of the
connecting ball bearings. Therefore, it is assumed
that the thermal contact between the rotating test
ring and the disk-holder is perfect, with zero thermal
resistance, while the heat flow between the rotating
assembly and the device substrate is completely
blocked. Hence, the synchronously rotating test ring
and disk holder are considered as a whole part called
the test ring assembly. Unlike the stationary pin, the
test ring assembly suffers intense forced convection
on its exposed surface due to the high-speed rotation,
thereby becoming the main source of heat loss.
Additionally, due to the good thermal conductivity of
steel, it is assumed that the temperature of the exposed
surface of the rotating assembly is uniform and equal
to the nominal temperature of the steel ring. Therefore,
the thermal balance between the heat flow entering
the test ring assembly and that removed to the air is
given by Eq. (14):

ledisk + Q23disk = thATn3 (14)

where h_is the average convective heat transfer
coefficient between the rotating surface and the air,
which can be determined using the empirical equations
given by Kreith and Manglik [50] based on the working
conditions; S is the total area of the exposed surface
of the test ring assembly; and AT , is the nominal
temperature rise of the test ring. Hence, we obtain
Eq. (15):

AT . = Q13disk + Q23disk

15
n3 hcs ( )

The moving circular heat source temperature model
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can be used to estimate the AT, of the rotating steel
ring [51, 52]. The AT, of the steel ring surface in contact
with Pin (1), i.e, AT, ,, and Pin (2), i.e, AT, ,,

be determined by Egs. (16) and (17):

AT, = 2anln 2Quq 1
K,\m(1.273+Pe,) A, K,\[m(1.273+ Pe, )
(16)
AT - 2auli 2Qmau2
K,m(1273+Pe,) A,K,\|m(1273+Pe,)
17)

where g, and q,,,.. are the average heat fluxes
flowing into the steel ring within the real contact
region connected with Pins (1) and (2), respectively;
and K, is the thermal conductivity of steel ring.
Pe is the non-dimensional Peclet number defined by

or..

—, where r, is the radius of the real contact

K

Pe. =

i

region; v is the sliding velocity; and «, is the thermal
diffusivity of the steel ring.

The resulting peak temperatures of the steel ring
surface in the regions in contact with Pins (1) and (2)
can then be obtained by inserting Eqgs. (15) and (16)
or (15) and (17) into Eq. (7) to give Egs. (18) and (19),
respectively:

T,, =T+ Ql3disk +Qrsaise i 2Q13diskrj]
hS A, K, [ (1.273+ Pe, )
(18)
T =T Qs T Dosai 2Qy4u "2
¢3-2 ~ “Tamb + LS
: K,\m(1273+Pe,)
(19)

Thus, the derivation process indicates that the
nominal contact temperature rise of the test ring in
the double-pin-on-disk configuration is determined
by the combined influence of the heat generated by
the two specimen pins because they work in the same
wear track and accumulate heat together. However,
the AT, of the test ring at the region in contact with
the two specimen pins is strongly dependent upon the
contact conditions of each specimen pin. This situation
allows the test ring to have two different temperature

peaks (T, ,and T, ,

hybrid wear conditions. However, the tribological

) in the same wear track under

performance of the system often depends upon the
overall maximum value.

2.2.4 Partitioning of frictional heat

The fractions of the frictional heat entering the
stationary pin are defined as o, and ¢, in the region
of Steel ring (3) surface in contact with Pins (1) and (2),
respectively. Using Egs. (3) and (4), we get Egs. (20-23):

Quapin = 4 Q15 (20)
Quaawe =(1-,)Q, (21)
Quapin = % Qs5 (22)
Qs =(1-2,)Q, (23)

Blok [53] postulated that the temperatures of the
two contact surfaces must be equal within the actual
contact areas, but need not be equal elsewhere within
the nominal contact area. This method provides a
good estimate [46]. Therefore, the heat partition fraction
can be calculated by equating the maximum surface
temperatures of the contact surfaces, as in Eqs. (24)
and (25):

IT,=T,, (24)
Tcz = 'Tc3—2 (25)

Using Egs. (12), (13), (18), and (19) in Egs. (24) and (25),
we get Egs. (26) and (27):

Q1 alQBr]'l _ (1_a1)Q13 +(1—a2)Q23
7-(1/2 Kl ArlKl th
N 2(1—a1)Ql3r]‘1 (26)
A K,\Jm(1.273+ Pe,)
a2Q23 L_'_ aZQBrﬂ _ (1 % )le + (1 ) )st
mr? K, A)K, hS
+ 2(1_a2)Q23rj2 27)

A,K,\m(1.273+ Pe,)

This determines the heat partitioning fraction and the
T_ in both regions of contact.

It should be noted that this analytical model was
deduced on the assumption that several separate
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polymer contact asperities are sliding over a plane
steel surface. Therefore, the polymer asperities can be
considered to be subjected to a stationary heat source,
while the steel plane is subject to a moving circular
heat source. This also assumes that the steel has
almost no deformation due to the large difference in
H. However, this may lead to errors when a friction
pair is with similar H, because both components will
be deformed by each other. To address this issue,
Smith and Arnell [54] and Lee et al. [55] explored
a model that considers the interactions between
individual contacting asperities. The resulting model
was then further improved by Liu and Barber [56]
and Lee et al. [57] by including the statistics of rough
surface interactions during sliding, thereby making
the contact process stochastic in both time and space.
Their results revealed the effects of Ra and sliding
speed upon the thermal contact resistance under very
short sliding duration before approaching a thermal
steady state. This asperity—-asperity model may produce
more accurate predictions relating to the contact
conditions and temperature. In addition, it should be
noted that the treatment of the actual contact asperities
as strictly circular regions of equal area is another
source of inaccuracy in the present study because,
in reality, the actual contact areas generally have
complex and individually distinct shapes. Finally, the
meaningfulness of the calculated temperatures will
be impacted if the adjacent contact regions are close
enough to interact with each other.

3 Application

3.1 Experimental details
3.1.1 Preparation of test materials

The materials of the two pin specimens for the
dual-pins-on-disk experiments were pure PEEK and
PTFE/bronze composite. The PEEK was selected as a
load-bearing component in the hybrid wear system
due to its excellent mechanical and machinability
properties [58]. The PEEK pins with diameters of
5 mm and lengths of 15 mm were lathed from a pure
PEEK (Victrex, 450G, UK) bar stock.

The PTFE/bronze composite (Daikin, M-18E, Japan)
was used as an independent lubricating component

in order to improve the tribological performance of
the hybrid wear system due to its excellent tribofilm
generating capability [59, 60]. The particle sizes of the
PTFE and bronze particles were approximately 25 and
30-50 pm, respectively, according to the information
provided by the manufacturers. The powders with
40 wt% bronze and 60 wt% PTFE were first mixed
using a high-speed mixer, and then cold compressed
under 60 MPa before being sintered at 370 °C for 3 h.
Finally, the obtained PTFE composite rods were lathed
into specimen pins with diameters and lengths of 5 and
15 mm, respectively.

The steel test ring, with a diameter of 54 mm and
a height of 10 mm, was composed of bearing steel
(GCr15, GB/T18254-2002). Its axial surface, with
Ra = 0.5 um, was produced using a flat grinding process.
The detailed physical properties of the selected
materials are listed in Table 1. The thermal property
data were provided by the suppliers, and the H values
were measured as part of the present work using a
Vickers hardness tester (Future-Tech Corp., FLC-50V,
Japan). All of the values listed relate to room
temperature conditions and are assumed to be constant
during the temperature calculations.

3.1.2 Test conditions

As shown in Fig. 2, the experiments were conducted
on a dual-pin-on-disk tribometer incorporating two
independent loading/measuring devices. This apparatus
allows the two specimen pins to be separately loaded
against the test ring surface with different loads and
their friction coefficients to be recorded separately in
real time. The specific dimensional parameters of this
apparatus are listed in Table 2, and a more detailed

Table 1 Physical properties of the materials used in the present
study.

PTFE

Property PEEK composite GCrl5
(Pin (1)) (Pin (2)) (Steel ring (3))
Thermal
conductivity K 0.29 1.07 46.06
(W/(m-°C))
H (MPa) 246.80 37.04 6,860
Thermal dlszuswlty o o 1.28%107
x (m’/s)
Glass transition 150 116 o

temperature 7, (°C)

www.Springer.com/journal/40544 | Friction



554

Friction 11(4): 546-566 (2023)

(@)

Loading and

measurement

device of Pin (1)

PEEK pin

Wear track

Steel ring

Loading and measurement
device of Pin (2)

PTFE/bronze pin

Thermocouple

Fig.2 (a) Schematic diagram and (b) photographic image of the dual-pin-on-disk test apparatus. (c) Schematic diagram of the the
PEEK and PTFE/bronze dual-pin-on-disk friction pair, showing the measurement position of the thermocouple.

Table 2 Dimensional parameters of the dual-pin-on-disk test
apparatus.

Parameter Value
7 (m) 5.0x10°°
[ (m) 1.5x1072
R (m) 2.3%x1072
d (m) 5.4x107
S (m?) 3.77x1072
w (rad/s) 34.906

description of the device has been previously
published [15]. Additionally, due to their good accuracy,
thermocouples were used to measure the actual
temperature of the wear track in situ. The thermocouple
was affixed to the edge of the sliding face of the test
ring and allowed to rotate synchronously with the test
ring assembly (Fig. 2(c)). During the test, the electrical
temperature signal was transmitted in real time to
the signal receiver through a slip ring equipped with
an electric brush. It should be noted that the measured
temperature is considered to reflect AT , rather than
AT, because AT, only occurs at the micro-scale real
contact region and dissipates quickly before being
detected.

The experiments were conducted at room
temperature under dry conditions (~19 °C, ~40%
relative humidity). To obtain a uniform load distribution,
both the PEEK and PTFE pins were pre-worn against
sandpaper (Starcke, P600, Germany) at 0.1 m/s under
a pressure of 0.2 MPa for 20 m sliding distance L prior
to the wear test. To obtain a good balance between
the wear rate of the PTFE composite and the PEEK, the
load applied to the PTFE/bronze composite pin (Fpre)
was fixed at 19.6 N (the nominal contact pressure
Pprer = 1 MPa) in accordance with the previous work
[15]. To investigate the load-carrying capacity of the
hybrid wear system, along with the effect of contact
temperature, the PEEK pin as the load-carrying
component was subjected to various loads (Fpgrx) in
the range of 39.2-137.2 N, corresponding to a Pprex
of 2-7 MPa. The sliding speed and L were fixed at
0.8 m/s and 15 km, respectively. Each test condition
was repeated at least three times, and fresh samples
were used in every test.

The average values of the friction coefficients of the
pure PEEK and of the PTFE composite during the
entire steady-state period (3—-15 km) were calculated as
the steady-state friction coefficients under each test
condition. To obtain the wear mass loss, the weights
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of the pin specimens before and after the wear test
were measured using an electronic analytical balance
(Sartorius, Germany) with an accuracy of 0.01 mg. The
specific wear rates of the PEEK W, (mm’/(N-m))
and the PTFE composite W, (mm’/(N-m)) were
calculated as the material volume loss Am under
each load F (N) and L (m) according to Eq. (28):

Am 3 )
44 =L (mm”/(N-m)) (28)

where p is the density of the pure PEEK or the
PTFE/bronze composite specimen, and L =15 km.

After the wear tests, the worn surfaces of the PEEK,
PTFE composite, and steel ring were observed using
the optical microscopy and field-emission scanning
electron microscope (SEM; FEI, Nova Nano 450,
USA) to observe the formation of tribofilms and
morphologies of worn surface to analyze the wear
mechanism. Furthermore, the energy dispersive
spectrometer incorporated into SEM was used to
analyze the elemental compositions and the origin of
the tribofilms. The Fourier transform infrared (FTIR)
spectroscopy data of the transfer films were attained
using an attenuated total reflectance (ATR; Thermo
Scientific, Nicolet 1510, USA) to analyze the tribo-
chemistry reactions.

3.2 Friction and wear results

The steady-state friction coefficients of the pure PEEK
and the PTFE/bronze composite under hybrid wear
conditions with various Ppgx values are presented in
Fig. 3. Here, when the Pppex does not exceed 6 MPa,
the friction coefficient of the unfilled PEEK is seen to be
significantly decreased from the well-established value
of ~0.40 under single-pin-on-disk conditions [4, 15, 61],
to 0.15-0.20 under the dual-pin-on-disk conditions.
This indicates that the released PTFE composite debris
that is retained in the wear track significantly improves
the friction performance of the PEEK. When the Ppggx
is increased to 7 MPa, however, the friction coefficient
of the PEEK is seen to suddenly increase to more
than 0.35. Interestingly, the friction coefficient of the
lubricant supplier PTFE composite is also increased
to approximately 0.30 under this condition. These
characteristics of the friction coefficient are closely
related to the formation of tribofilms on the sliding

surfaces, which is described in detail in Section 3.4.

The evolution processes of the friction coefficients
of the pure PEEK and of the PTFE composite with L
are presented in Fig. 4. Here, when the Pprex does not
exceed 4 MPa, the friction coefficient of the pure PEEK
is seen to stabilize at less than 0.20 after a running-in
stage of approximately 1.5 km. In detail, the friction
coefficient of the pure PEEK initially increases due to
the larger frictional force generated by the increased
contact area because the sliding surfaces were slowly
polished at the beginning of the experiment, and
then decreases slowly with the gradual generation
of the tribofilm. By contrast, when the Prgsx is 5 or
6 MPa, the friction coefficient of the PEEK gradually
increases but does not stabilize in the steady state
condition, even though a similar running-in stage is
observed during the initial 3 km of sliding. When
the Ppgpx is further increased to 7 MPa, the friction
coefficient of the PEEK is seen to increase rapidly
from the beginning of the experiment to a level
exceeding 0.35, after which dramatic fluctuations are
observed throughout the experiment.

The wear rates of the pure PEEK and of the PTFE
composite under various hybrid wear conditions are
presented in Fig. 5. Here, when the Ppgg is less than
6 MPa, the wear rate of the pure PEEK is seen to
increase slightly with increased contact pressure. In
detail, when the Ppgek is 2 or 3 MPa, the wear rate of
the PEEK is less than 107 mm®/(N'm), and this increases
to 10°-107 mm?/(N-m) when the Py is increased to
4-6 MPa. This represents a significant improvement
in the wear performance of the pure PEEK compared

0.4

/

0.2_ § :,/

0.1

® PEEK
x PTFE/bronze

Steady-state friction coefficient

0 2 3 4 5 6 7
Contact pressure of PEEK (MPa)
Fig.3 Steady-state friction coefficients of the PEEK and the
PTFE/bronze composite as a function of the Ppggx under hybrid
wear conditions. The error bars represent the standard deviations
of the results of repeated experiments under each test condition.
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Fig. 5 Specific wear rates of (a) the PEEK and (b) the PTFE/bronze composite as a function of the Ppggx under hybrid wear conditions.
The error bars represent the standard deviations of the results of repeated experiments under each test condition.

with that obtained under the single-pin-on-disk
condition (i.e., ~10 mm?®/(N-m)) [4, 15, 61]. However,
the wear rate of the PEEK is seen to deteriorate
dramatically by one order of magnitude (to more
than 10 mm?/(N-m)) when the Ppgg is increased to
7 MPa. The wear rate of the PTFE composite is also
increased by more than two times under this condition,
although the contact pressure was constant.

3.3 Temperature results

3.3.1 Contact temperature calculation

The measured temperatures and the corresponding
calculated temperatures obtained by the analytical
method are presented in Fig. 6 and Table 3. The pro-
cesses for determining the heat convection coefficient
(h) and the radius of a individual actual contact asperity
() are detailed in Appendixes A and B, respectively.
It should be noted that the accuracy of the temperature
calculation is greatly affected by these two parameters.
Therefore, their estimation should not be limited to

it % £ 4wt
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the methodology presented herein; later, different
methods should be selected according to the specific
working conditions. The analytical method used
herein suggests that the temperature measured by
the thermocouple positioned at the edge of the steel
face should be comparable to T, , +AT , under each
working condition. AT, cannot be detected by the
thermocouple because it disappears quickly within
the micro-contact area. Indeed, the results of the
measured temperature (marked as crosses in Fig. 6)
agree well with the calculated T, , + AT, , (the yellow
and orange bars in Fig. 6), and the errors are within
10% (Table 3), thereby demonstrating the good accuracy
of the analytical method for predicting the contact
temperature of the hybrid wear system.

It should be noted that the properties used for
temperature calculation are the values obtained under
room-temperature conditions and are assumed to be
constant and uniform. In fact, the material properties
data (e.g., K and H) could be significantly different at
elevated temperature. Hence, the use of temperature-
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250 X Measured temperature of steel ring (T,..,)
[ Flash temperature rise in area contact with PEEK (T,,_,)
I Flash temperature rise in area contact with PTFE (T, ,)
200 HE3 Nominal temperature rise of steel ring (7 ;)

3 Ambient temperature (T,

amb)

150

100

Temperature (°C)

o1
o
1

Contact pressure of PEEK(MPa)

Fig. 6 Measured and analytical temperatures of the steel ring surface in contact with the pure PEEK (left-hand bar in each pair) and in
contact with the PTFE (right-hand bar in each pair) under hybrid wear conditions with varied Ppggx. The blue dashed line indicates the
trend of the T, of the sliding surface when the Ppggy is below 6 MPa.

Table 3 Measured and calculated contact temperatures.

AT, AT, AT, Ty T T, + AT, Thea

Loading condition ©C) ©C) ©C) ©C) ©C) ©C) ©C) Error
2 MPa PEEK + 1 MPa PTFE 16.59 57.80 12.79 93.39 48.39 35.59 39.17 9.1%
3 MPa PEEK + 1 MPa PTFE 22.58 66.54 12.89 108.12 54.47 41.58 43.93 5.4%
4 MPa PEEK + 1 MPa PTFE 27.84 72.88 11.75 119.72 58.59 46.84 48.53 3.5%
5 MPa PEEK + | MPa PTFE 34.24 79.27 11.61 132.51 64.85 53.24 55.77 4.5%
6 MPa PEEK + 1 MPa PTFE 43.04 85.40 11.99 147.44 74.03 62.04 65.40 5.1%
7 MPa PEEK + 1 MPa PTFE 89.03 118.20 18.28 226.23 126.31 108.03 100.70 7.3%

dependent material properties may further increase
the accuracy of the prediction. The K of the polymer
does not vary significantly over the temperature
range explored in the present study [62, 63]. Mu et al.
[64] also shows that the change in K is not the major
influence on the contact temperature. However, the
elevated temperature could cause a distinct softening
of the polymer, thereby significantly decreasing
its hardness. As a result, higher analytical flash
temperatures may be predicted because the calculated
contact areas are smaller than the actual ones, especially
under high-load and high-temperature conditions.
Furthermore, the polymer tribofilms formed on the
sliding surfaces also affect the thermal behavior of
the contact region when a F-based transfer film with
lower K covers the surface of the steel ring (Section 3.4).
This tends to prevent the heat from entering the steel
substrate, thereby providing less heat for maintaining
the steady state temperature. This, in turn, leads to an

over-estimation of the steady-state temperature by the
analytical model that ignores the effects of tribofilms.

3.3.2  Contact temperature analysis

The orange bars in Fig. 6 indicate that under each
loading condition, the AT of the steel ring surface is
constant, but different T_ occur at the contacts with
the PEEK (the red bars) and the PTFE (the blue bars)
composites due to the different AT,. The contact
region between the steel ring and the PEEK component
tends to exhibit a higher T_ because the applied load
on the PEEK component is higher than that on the
PTFE; hence, more heat is generated within the
former contact region. When the Ppgrk remains below
6 MPa, the T  of the PEEK and the PTFE composite
increases approximately linearly with the Ppge (the
blue dashed line, Fig. 6) because the steady-state
friction coefficients of both materials are almost
constant under these conditions (Fig. 3) and hence,
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the heat generated is approximately proportional to
the Ppgex. It should also be noted that the T of the
PEEK exceeds the T, of PTFE (~116 °C [65]) when the
Preex exceeds 4 MPa. When the Ppgex reaches 7 MPa,
however, the sudden increase in friction coefficient of
the two components (Fig. 3) increases the generated
heat significantly, thus resulting in a remarkable
5, of the
steel ring at the region of contact with the PEEK
component will exceed the Tg of PEEK (~150 °C),
and the T, , of the region in contact with the PTFE
component will exceed the T, of PTFE (~116 °C). This
may be the core reason for the significant change in

increase in T . Under this condition, the T,

the tribological performance of the hybrid wear
system under 7 MPa test conditions (Section 3.4).

3.4 Worn surface analyses

The morphologies of the worn surfaces of the
polymer specimens and of the counterpart steel rings

were observed in order to study the formation
of tribofilms, and the results were linked to the
temperature observations to explore the failure
mechanism of the hybrid wear system under high
load conditions (i.e., 7 MPa). The SEM morphologies
of the PEEK worn surfaces and their corresponding
energy dispersive X-ray spectrometry (EDS) results
under the various test conditions are presented in
Figs. 7 and 8, while the typically worn surfaces of the
steel ring and the PTFE composite are shown in Fig. 9.

A high-quality secondary transfer film that
approximately covers the entire PEEK worn surface
can be seen when the contact pressure is 2 or 3 MPa
(Figs. 7(a) and 7(b)). Further, the EDS results show
that a significant amount of F and Cu are present on
the worn surface of the PEEK under both conditions
(Fig. 8), thereby indicating that the primary source
of the secondary transfer film is the PTFE/bronze
composite. As shown in Fig. 9(a), a transfer film with

3

v
15.00

Fig. 7 SEM micrographs of the worn PEEK surfaces after sliding against the steel ring under contact pressures of (a) 2 MPa, (b) 3 MPa,
(c) 4 MPa, (d) 5 MPa, (e) 6 MPa, and (f) 7 MPa in the hybrid wear setup incorporating the PTFE composite. The white arrows indicate

the sliding direction.
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Fig. 8 EDS chemical analysis of the worn PEEK surfaces after
the hybrid wear tests with varied Ppggk. The dashed blue line
shows the trend in the sum of Cu and F contents, which indicates
the coverage of the specimen with the F-based tribofilm.

good coverage is also generated on the worn surface
of the steel ring under this condition. Here, the
plateaus of the steel surface are well covered by the
transfer film, thus indicating that the steel asperities
could not directly abrade the polymer surface during
the sliding process. Meanwhile, no exposed bronze
particles are observed on the corresponding worn
PTFE surface (Fig. 9(b)), and a running film with
large coverage is observed. These results indicate that
the wear debris released by the PTFE composite into
the hybrid wear track can generate tribofilms on the
surfaces of the PEEK pin, the PTFE composite pin,
and the test ring after being repeatedly crushed
and sheared during the test. The process of sliding
between the polymer component and the steel ring
was then transformed to one of sliding between the
F-based tribofilms, thus resulting in a low friction
coefficient and wear rate of the PEEK component.

Worn surfaces of PTFE

Fig. 9 Optical microscope images of the worn surfaces of the steel ring and the PTFE/bronze composite after the hybrid wear tests
with Pprgg values of (a, b) 3 MPa, (c, d) 5 MPa, and (e, f) 7 MPa. The white arrows indicate the sliding direction.
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These results agree well with the previous work by
the same authors [15]. The similar source of frictional
force on the pure PEEK and the PTFE composite also
explains their similar steady-state friction coefficients
(Fig. 3). Moreover, the hard PEEK matrix leads to a
smaller contact area than that of the PTFE component,
thereby resulting in a slightly smaller friction
coefficient of the PEEK component.

When the Pk is in the range of 4-6 MPa, however,
some distinct dark areas representing exposed PEEK
matrix can be seen in the SEM images of the worn
PEEK surfaces (Figs. 7(c)-7(e)). The exposed PEEK
substrate appears dark due to its lower mean electron
density than that of the bronze-containing secondary
transfer film. This indicates the partial loss and flaking
of the secondary transfer film under these conditions,
and the coverage of the secondary transfer film
decreases with increasing Ppeex. This is confirmed
by the EDS results in Fig. 8, where the contents of
elements F and Cu are seen to decrease gradually
with increasing Pprex. This occurs because an increase
in the load leads to an increase in the contact
temperature such that the peak temperature of the
wear track (T, ;) exceeds the T, of the PTFE (Fig. 6).
This, in turn, results in a decrease in the mechanical
strength of the F-based secondary transfer film such
that wear and flaking can occur under the increased
shear forces caused by the high contact pressure. This
also explains why the friction coefficient of the PEEK
increases slightly in the later stages of the experiment
(Fig. 4) and becomes slightly greater than that of the
PTFE component (Fig. 3) under these conditions.
Nevertheless, transfer films and running films with
good coverage are still formed on the worn surfaces
of the test ring and the PTFE composite under these
conditions (Figs. 9(c) and 9(d)) because the contact
temperature between the steel ring and the PTFE
component (ie., T, ,) is still below the T, of PTFE
(Fig. 6). This indicates that the friction and wear
process are still dominated by the sliding between
the F-based tribofilms. Hence, the PEEK retains a
friction coefficient of less than 0.25 and a wear rate
of less than 10 mm?®/(N-m).

When the Ppgx is increased to 7 MPa, qualitative
changes in the morphologies of the worn surfaces
are observed. Thus, the PEEK substrate is completely

fEN
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exposed without any coverage by an F-based secondary
transfer film (Fig. 7(f)), as confirmed by the virtual
absence of F and Cu in the EDS results under this
operating condition (Fig. 8). Moreover, as shown in
Fig. 9(e), a transfer film is deposited in the valleys of
the steel surface without covering any of the plateau
areas. As a result, the exposed asperities of the steel
surface were able to directly scrape the PEEK surface
during the sliding process, thereby accounting for the
ultra-high friction coefficient and wear rate of the
PEEK component. Furthermore, the running film formed
on the PTFE composite surface has also disappeared,
and the exposed bronze particles can be observed
(Fig. 9(f)). These results demonstrate that the tribofilm
formation process is completely hindered under the
high loading condition, and this is believed to be
closely related to the contact temperature condition.

3.5 Mechanism

When the Ppgi is 7 MPa, the results in Section 3.3
indicate that the peak temperature at the contact
region between the PEEK pin and the steel ring (i.e.,
T, ,) significantly exceeds the T, of PEEK (~150 °C)
due to the dramatic increase in the friction coefficient.

However, the T, , was also found to exceed the Tg

3-1
of PEEK even though there was no dramatic increase
in the friction coefficient (the blue dashed line in
Fig. 6). Therefore, as shown in Fig. 10, certain
conjectures can be made about the failure mechanism
of the hybrid wear system under the 7-MPa operating
condition. Thus, at a moderate contact temperature,
the hybrid wear system exhibits the good tribological
performance due to the formation of tribofilms
(Fig. 10(a)). However, as the temperature field builds
up due to the heat accumulated in the bodies of the
sliding components, the peak temperature of the
micro-scale actual contact area between the PEEK
component and the steel ring (T, ,) first exceeds the
Tg of the PTFE (116 °C) and then that of the PEEK
(150 °C) (Fig. 10(b)). This leads to the softening of
both the PTFE composite debris within this contact
region and the PEEK sliding surface. As a result, the
composite debris cannot be retained on the PEEK
surface to generate a tribofilm and hence, direct contact
occurs between the PEEK surface and the exposed
steel spikes, thereby raising the friction coefficient of
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Fig. 10 Schematic diagrams of the failure mechanism of the hybrid wear system under high-load operating conditions.

the PEEK above 0.3. This, in turn, increases the heat
entering the wear track, thereby further increasing
the nominal temperature of the wear track and
completely blocking the generation of F-based tribofilms
on the surfaces of the steel ring and the PEEK. The
deteriorating temperature field then affects the
contact region between the PTFE component and the
steel ring via the elevated nominal temperature of the
shared wear track (Fig. 10(c)). This causes the T of
the PTFE component to exceed the T, of PTFE (Fig. 6)
and hinders the formation of a running film on the
worn PTFE surface. Consequently, direct contact is
established between the exposed PTFE surface and the
steel asperities, thereby accounting for the increase in
the friction coefficient and wear rate of the PTFE
component. The plowing marks observed on the PTFE
worn surface running parallel to the sliding direction
in Fig. 9(f) demonstrate the 2D abrasive wear caused
by the exposed steel spikes.

The attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectra of the transfer films
formed on the steel ring during the hybrid wear tests
are presented in Fig. 11. Here, the presence of —CF,—
is clearly demonstrated by the absorption peaks at
1,154 and 1,210 cm™ [66, 67] when the contact pressure
of the PEEK is between 2 and 6 MPa. However, the
characteristic absorption peaks of the PEEK phenyl
ring vibrations at 1,594 and 1,489 cm™ [68, 69] are not
detected under these conditions. This confirms that
the main component of the transfer film is PTFE rather
than PEEK when the Ppgegx does not exceed 6 MPa. In
addition, the absorption peaks are observed at 1,659
and 1,410 cm™ under these conditions, corresponding
to the vibration of the carboxylate (-COO") groups
[70, 71]. Considering the absence of PEEK under this
condition and the pure PTFE did not show these peaks,

so their appearance can be confidently attributed to
the occurrence of tribo-chemical reactions. This reveals
that the C—C bonds of the PTFE chain that are broken
due to shearing will allow reaction with water vapor
from the environment to produce carboxylate acid
chain ends, which then become chelated to the surfaces
of the steel ring and the bronze filler particles [72, 73].
This results in the formation of robust, adherent, and
hardened triboflms on the sliding surfaces, as revealed
in Fig. 9.

In Fig. 11, when the Ppggy is increased to 7 MPa, the
typical PTFE peaks at 1,154 and 1,210 cm™! are seen to
have disappeared, and those of the carbonyl stretching
vibrations, phenyl ring vibrations, and aromatic ether
group stretching vibrations of the PEEK can be
observed at 1,648, 1,594 and 1,489, and 1,220 cm’,
respectively [68, 69]. This observation indicates that
the PTFE transfer film is extruded out from the wear
track due to the high contact temperature under the
high loading condition, and that the PEEK then takes

1154
1,659 1410 1,210

P.... =2 MPa
A

W

Prcec =3 MPa

R
((C

P.... = 4MPa
—_————

Peeek =5 I\\/IPa

Absorbance (a.u.)

Prce =6 MPa

P.ce =7 MPa L .
1648 1,504 1489 1220
T T T T T T

1,500 '
Wavenumber (cm~")

Fig. 11 ATR-FTIR spectra of the transfer films formed on the
steel ring surface during the hybrid wear tests with varied Ppggk.
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over as the primary source of the transfer film. This
leads to a deterioration in the tribological performance
of the hybrid wear system.

4 Conclusions

1) An analytical method was developed herein to
predict the contact temperature of a dual-pin-on-disk
hybrid wear system. The accuracy of the theoretical
model was demonstrated by the experimental results.

2) The heat generated by the various components
played a limited synergistic role in the hybrid wear
system. The nominal temperature rise AT, of the
shared wear track was determined by the heat
generated by all components, whereas the local flash
temperature rise was dependent upon the individual
characteristics of each component.

3) Different peak temperature T. were shown to
exist in the same wear track at regions in contact with
different components of the hybrid wear system, and
the tribological performance of the system was shown
to depend upon the overall highest T..

4) When the applied load on the PEEK-PTFE-steel
hybrid wear system was sufficiently high for T to
exceed glass transition temperature Ty of both polymer
pin components, tribofilms were unable to form on the
sliding surfaces and hence, the hybrid wear system
failed. Conversely, when the Pprex was less than 6 MPa,
robust, adherent, and hardened triboflms were
formed on the sliding surfaces, and the tribological
performance was enhanced compared to that of the
single-pin-on-disk setup.

Acknowledgements

This work was supported by the National Natural
Science Foundation of China (No. 62073151), the
Jilin Provincial Science & Technology Department
(Nos. 20200301011RQ and 20210101177JC) and
the Fundamental Research Funds for the Central
Universities (No. 22120210160).

Appendix A Heat convection coefficient k.

To simplify and increase the general applicability
of the model, the rotating test ring assembly was

f
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®
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converted into an equivalent disk [23] with area § and
rotation speed w. It was also assumed that the surface
temperature of the equivalent disk is uniform and
equal to that of the test ring (i.e., T, +AT ). Kreith
et al. [50] concluded that the average Nusselt number
Nuy, and the Reynolds number Re,, of a disk rotating
under an atmosphere of air in the laminar flow regime
are given by Egs. (Al) and (A2):

h.D
NuD:K

a

=0.36,[Re, (A1)

2
Re, = %P~ _10¢ (A2)
[y

a

where D is the diameter of the equivalent disk
(D:ZJS/T), and K, and v, are the thermal
conductivity and viscosity of the air, respectively.
Under room-temperature conditions, the values of
K, and v, are approximately 0.025 W/(m-°C) and
1.6x10~° m?/s, respectively. Substituting these values
into Egs. (Al) and (A2) gives h_ =13.29 W/(m?-°C).

Appendix B Radius of the actual contact
area t;

The micro-contact area of the sliding surface often
suffers a complex mixture of elastic and plastic
deformation. This is influenced by various factors
such as Ra, loading conditions, and material properties.
A generalized theoretical model for calculating the
actual micro-scale contact area does not yet exist. In
the present work, because the H of the polymer pins
are considerably less than that of the steel test rings,
it is assumed that the deformation of the polymer pin
is entirely plastic, and that the pressure is equal to
the maximum that can be sustained by the softer pin.
The empirical formula introduced by Ashby et al. [35]
and Tabor [36], along with the modified analytical
equations of Wang and Rodkiewicz [28], were adopted
in order to predict the actual contact area A and
radius of each asperity in the contact region 7, as
Egs. (A3)—(A5):

F1+1247
A N IEH (A3)

T H.

1
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T

Tt

Y. =

, A <mr?
T a

(A4)

-1/2

2
r=r (1—%}[% +1| , A >mr?  (A5)

S ra
where H, is the hardness of the softer material of the
two surfaces (i.e., the hardness of Pin (i) (Table 1)). The

mwr’H

J1+1247

r, :E, is the load-independent radius of a unit

asperity.

seizure load F, is given by F, = , where
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