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bstract

Most polymeric tribological components are inherently insulative, resulting in susceptibility to failure from frictional heating at the PV limit,
hich is typically reported as a product of the heat flux terms pressure (P) and sliding speed (V). This letter reports on the design of a tribological

omposite for increased thermal conductivity and PV limit. The control sample is an unfilled compositionally graded sample, consisting of a
EEK bulk with an integral PEEK/PTFE tribological solid lubricant surface layer. One composite sample is a compositionally graded PEEK bulk
ontaining 10 vol.% aluminum foam, and the other is a 10 vol.% indium filled PEEK/PTFE bulk sample. Tribological experiments are conducted
n a thrust washer tribometer instrumented with 13 thermocouples. At failure, the unfilled sample had a temperature rise of 170 K. Under the same

onditions, the aluminum and indium filled samples had temperature rises of 37 K and 115 K, respectively. They also had 250% and 40% higher
V limits, respectively than the unfilled sample. As designed, the continuity of the aluminum foam was found to be substantially more effective

han the particle dispersion of the indium at dissipating thermal energy.
2007 Published by Elsevier B.V.
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. Introduction

Solid lubrication has a number of advantages including
educed cost, simplicity, cleanliness, ease of implementation,
ange of operational temperature and in general, performance
n applications where the use of fluid and boundary lubricants
s precluded. Many solid lubricant systems are created through
arious coating techniques. Under such situations, the substrate
rovides load support with the coating providing tribologi-
al protection. Coatings experience wear during operation and
hus have finite life. For many practical applications bulk poly-

eric solid lubricants extend operational life by providing a
reater amount of sacrificial material to the tribological contact.
nfortunately, bulk materials often do not provide the required

ngineering performance in terms of strength, toughness, elec-

rical and thermal conductivity, creep and thermal expansion.

Thermal failures are particularly problematic in tribology;
hey are difficult to foresee, occur rapidly and in most cases, lead
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o complete failure of the system. These failures occur when a
ritical surface temperature, such as Tg, is exceeded as a result of
rictional heating. At the critical temperature a transition from
ild to severe wear occurs; this is usually accompanied by a

everal order of magnitude increase in the wear rate [1–6]. For
given system design, the temperatures developed at the tribo-

ogical interface are proportional to the heat flux (�PV) and the
hermal resistance of the materials. The PV limit is considered
n important design parameter and is an indicator of material
erformance. Polymers have inherently poor thermal conduc-
ivity, and consequently, also have relatively low PV limits. The
oal of this work is to design multifunctional tribological com-
osites for higher thermal conductivities and PV limits. This
rticle presents a building block in the design of multifunctional
omposites, specifically, those for tribological and engineering
pplications.

. Modeling
Long term success of the solid lubricating components
equires that the frictional power developed in a tribological
ystem must be conducted away from the interface; otherwise,

mailto:wgsawyer@ufl.edu
dx.doi.org/10.1016/j.wear.2007.03.005
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Fig. 1. Schematic representation of the experimental thrust washer apparatus. The system is assumed axisymmetric. Twelve temperature measurements within the
s eratu
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ample and one at the base of the sample allow for the calculation of the temp
ower flux dissipated at the tribological interface. Conditions are varied from 6
.5 MPa of normal pressure.

olymeric solid lubricants can fail under even modest condi-
ions. A thrust washer is a common tribological configuration
hat can have elevated temperatures from frictional heating, and
enerally consist of a flat, annular ‘thrust washer’ that is continu-
usly rotated and loaded about its axis against a flat counterface.
he experimental apparatus used in this study is representative
f a typical thrust washer and is shown schematically in Fig. 1.

An upper bound of the temperatures that may be developed
uring operation can be obtained by treating the thrust washer
s a stationary heat source on an infinite half space. All of the
rictional power is conducted through the half space as the thrust
asher and surroundings are assumed to be perfect insulators.
he differential temperature rise of any point in the half space

s

θ = q′′ dA

2πKr
(1)

here q′′ is the heat flux of the stationary point source, dA the
ifferential area of that point source, K the conductivity of the
alf space and r is the distance from the location of interest to the
oint heat source. The heat flux is μPωs, where μ is the friction

oefficient, P the normal pressure (assumed to be constant),ω the
ngular velocity of the thrust washer and s is the radial distance
f the point source from the axis of the thrust washer. Eq. (1)
an be integrated to give the temperature rise at any location in

i
s
r

re rise field. Temperature response is measured as a function of the frictional
/s sliding speed and 1 MPa of normal pressure to 427 mm/s sliding speed and

he half space (axisymmetric):

(r, a) = μPω

2πK

∫ so

si

∫ 2π

0

s2 dβ ds√
a2 + (s cos(β) − r)2 + (s sin(β))2

(2)

here r is a radial distance from the axis of the thrust washer,
is an axial depth into the half space, so and si the outer and

nner radii of the thrust washer, respectively, and β is the angle
rom the plane of interest to the point source. A typical thrust
asher system may have a Polytetrafluoroethylene (μ = 0.1,

nd K = 0.2 W/mK) counterface with inner and outer thrust
asher diameters of 25.4 and 28.6 mm, and tribological condi-

ions of ω = 34 RPM (Vmean = 50.8 mm/s, Anom = 136 mm2) and
nom = 6.5 MPa. Solving Eq. (2) for the maximum temperature
ives Tmax ∼ 430 ◦C, a value well above the melt temperature of
TFE at a very low value of PV.

From a materials design standpoint, it is desirable to achieve
he highest values of PV for a system of given dimension with-
ut overheating the material. Since the primary function of a
olid lubricant is to provide a low friction coefficient, it cannot,
n general, be reduced. Then, according to Eq. (2), thermal con-
uctivity must be increased if the interfacial temperatures are to
e reduced.
Fillers are often incorporated into polymer matrices to
mprove upon matrix properties. For a given filler material, the
ize, shape, loading, dispersion and orientation of the filler can
esult in a wide range of properties. Two particularly interest-
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Fig. 2. (a) Equal pressure composite (b) equal strain composite (c) random dispersion of particles within a composites. Counterface samples for temperature measure-
m unfill
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For aluminum filler in a PTFE matrix, K* = 1000. At 10 vol.%
ent in thrust washer experiments: (d) compositionally graded control sample;
raded 10 vol.% aluminum foam-PEEK sample with an integrated solid lubric
omponent.

ng composite architectures to analyze are the equal pressure and
qual strain structures (named for the manner in which they sup-
ort load). These idealized composites are shown in Fig. 2a–c.
hysically, these are equivalent to sheets of filler with the surface
ormal vectors oriented parallel and perpendicular to the load
irection, respectively, and their properties theoretically bound
he properties of the composite. A normalized temperature rise
s used to model the performance of these composites, and is
efined by

T ∗ = �Tc

�Tm
(3)

here �Tc is the temperature rise of the composite and �Tm
s of the matrix alone. Using a 1-d conduction model, in the
ase of equal pressure (EP), the power fluxes are equal for each
onstituent, and

′′ = K
�TEP

Lc
= Km

�Tm

(1 − xf)Lc
= Kf

�Tf

xfLc
(4)

he EP composite temperature rise is the sum of the filler and
atrix temperature rise contributions. Rearranging terms from
q. (4) and solving for the temperature rise of the equal pressure
omposite gives

TEP = q′′(1 − xf)Lc

Km
+ q′′xfLc

Kf
(5)

q′′L

Tm = c

Km
(6)

T ∗
EP = 1 − xf + Kmxf

Kf
(7)

fi
c
t
b

ed PEEK with an integrated solid lubricant surface layer, (e) a compositionally
rface layer, and (f) a 10 vol.% indium filled PEEK/PTFE bulk solid lubricant

n the case of equal strain, top and bottom temperatures are pre-
cribed and the temperature rise is the same for each constituent,
nd the total power is the sum of the power in each constituent:

′′Ac = KESAc
�TES

Lc
= KfxfAc

�TES

Lc
+ Km(1 − xf)Ac

�TES

Lc
(8)

hich yields the equal strain conductivity:

ES = Kfxf + Km(1 − xf) (9)

qs. (6), (8) and (9) can used to find the normalized temperature
ise of the equal strain composite:

T ∗
ES = q′′LcKm

(Kfxf + Km(1 − xf))q′′Lc
= Km

Kfxf + Km(1 − xf)
(10)

f a normalized conductivity is defined, K* = Kf/Km, Eq. (7)
educes to

T ∗
EP = 1 − xf

(
1 − 1

K∗

)
(11)

nd Eq. (10) reduces to

T ∗
ES = 1

1 + xf(K∗ − 1)
(12)
ller, the temperature rises for equal pressure and equal strain
omposites are 90% and 1% that of the matrix alone, respec-
ively. There are major opportunities to improve in composites
y hierarchically structuring the filler domains.
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. Experimental

PTFE is a well known solid lubricant and has one of the
owest friction coefficients of any bulk polymer; it’s poor wear
esistance limits its use. PEEK is a strong, tough engineer-
ng thermoplastic with high wear resistance, but suffers from
high coefficient of friction. The multifunctional composites in

his study are based on a unique PEEK/PTFE blend discussed
reviously by the authors in [7] At the optimal composition,
he solid lubricant has a lower friction coefficient and 1000×
ower wear than either constituent for the conditions tested;

30 wt% PEEK-PTFE blend is used here as the solid lubri-
ating material. The mechanical attributes of the PEEK filler
re used to improve the bulk mechanical properties of the
omposite through a compositional grading. Both PEEK and
TFE are extremely poor thermal conductors, and the 140 ◦C
g of PEEK further limits the operational range of the compo-
ents. Aluminum has excellent strength, stiffness and thermal
onductivity, and is available in the form of continuous open
ell foams with varying densities, pore sizes and properties.
ut, the high strength of aluminum requires it to be mechan-

cally, and consequently, thermally isolated from the interface
o avoid detrimental effects to the tribological properties. Indium
s slightly less conductive than aluminum but has extremely low
hear strength making it a suitable material for use at the inter-
ace. The disadvantage of indium is that it is available only
n pellet or powder form making it unlikely to form the con-
inuous structure necessary for efficient dissipation of thermal
nergy.

Three components are tested here: (1) an unfilled PEEK sam-
le compositionally graded to a solid lubricant surface layer, (2)
10 vol.% aluminum foam filled PEEK sample composition-

lly graded to solid lubricant surface layer, and (3) a 10 vol.%
ndium filled solid lubricant component. Optical cross-sections
f the samples are shown in Fig. 2. Each sample is com-
ression molded in a 1.25 in. diameter cylindrical mold. The
ompositional grading process is discussed in detail in [8], but
riefly, consists of a sacrificial layer of PTFE followed by a
ayer of the solid lubricant and successive layering of powder
nsembles increasing in 10 wt% increments. The remainder of
he mold is filled with PEEK powder for the unfilled graded
ample. The metal foam is infiltrated with PEEK at approxi-
ately 400 ◦C, by slowly pressing the foam into a relatively

ow viscosity PEEK melt. This material, once cooled, fills the
emainder of the mold after the compositional grading. The
ndium composite is prepared by combining 10 vol.% indium
owders with 90 vol.% solid lubricant powders. The powder
nsemble is mechanically mixed in a Hauschild high speed
ixer. The parts are consolidated at 50 MPa and compression
olded at 360 ◦C for 3 h with 2 ◦C/min ramps at approximately
MPa.

After molding, the samples are machined to 10 mm thick-
ess. The samples are then mounted into a fixture on a computer

umerically controlled stage. A series of four 3.3 mm deep,
50 �m holes are drilled radially at axial locations of 0.76 mm,
.54 mm, 4.32 mm and 6.10 mm as measured from the surface.
he sample is rotated about its axis and two additional sets of

m
b

e
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oles are drilled at radial depths of 5.3 mm and 7.3 mm. Theses
oles receive thermocouples for temperature measurement and
stimation of the 2D temperature field in a region beneath the
ontact. An additional thermocouple measures the temperature
t the base of the sample for temperature rise calculations. The
ocations of these measurements with respect to the center of the
hrust washer are shown in Fig. 1.

Experiments are conducted on a custom thrust washer tri-
ometer shown schematically in Fig. 1. A 1 HP DC motor
rives a spindle connected to an annular Polyimide thrust washer.
olyimide was chosen because it is thermally insulating and
as a higher Tg than PEEK. It is kinematically mounted to
he spindle to retain axisymmetric conditions for slightly mis-
ligned or nonparallel samples. The outer and inner diameters
re 23.3 mm and 17.6 mm, respectively, producing 180 mm2 of
ominal contact area. The tribological counterface sample is
ocated beneath the thrust washer and is mounted to a 15 ◦C water
hilled heat transfer plate. A 6-channel load cell is mounted
o a linear thruster below the heat exchanger and is the only
ource to ground for loads and moments on the sample. The
ample, load cell and thruster are loaded against the rotating
hrust washer via a pneumatic cylinder and software controlled
lectro-pneumatic valves. Friction coefficients are calculated by
ividing the moment about the normal axis by the mean radius
f the thrust washer and the normal load. Friction coefficient
nd temperature measurements are made continuously and are
veraged and saved in 10 s intervals. A more detailed schematic
f the tribometer is in [8].

Initially, the experimental conditions consist of a normal load
f 180 N and a spindle speed of 50 rpm. This corresponds to
normal pressure of approximately 1 MPa and a maximum

peed of 61 mm/s. When the sample reaches thermal equilib-
ium, the spindle speed is increased in 50 rpm increments. When
he maximum spindle speed of 350 rpm is reached, normal load
s increased in 90 N increments. When the PV limit is reached,
ear accelerates, friction coefficient and temperature become

rratic and the test is stopped.

. Results and discussion

The experimental results are summarized in Table 1, and
raphically illustrated in Fig. 3. Fig. 3a–c shows the maximum
emperature and base temperature of each sample plotted as a
unction of time. While the operational PV is fixed as the sample
evelops a steady state, the heat flux changes with the developing
ribological system and causes the temperature to change even
fter the system is determined to be at thermal equilibrium. At
05 mm/s and 1 MPa the unfilled sample failed after operating
riefly at a temperature rise of 170 ◦C. At these conditions, the
luminum and indium samples had temperature rises of 37 ◦C
nd 115 ◦C, respectively. The indium filled sample failed at a
liding speed of 427 mm/s and a normal pressure of 1 MPa, and
he aluminum filled sample failed at 427 mm/s and 2.5 MPa. The
easured temperature rise at failure is reduced due to increased
ase temperature.

Contour plots of temperature rise for a 6 mm × 4 mm area of
ach sample is shown in Fig. 3d–f for a sliding speed of 305 mm/s
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Table 1
Results of temperature measurements for thrust washer experiments with an unfilled PEEK sample with an integrated solid lubricant surface coating, a 10 vol.%
aluminum foam filled PEEK sample with an integrated solid lubricant surface coating, and a 10 vol.% indium filed solid lubricant bulk sample

rpm Fn (N) V (mm/s) P0 (MPa) Unfilled Aluminum filled Indium filled

�PV (kW/m2) �Tmax (◦C) �PV (kW/m2) �Tmax (◦C) �PV (kW/m2) �Tmax (◦C)

50 180 61 1 4.83 37.2 6.5 10.2 5.15 26.2
100 180 122 1 10.4 74.2 12.8 20.8 12.3 64.3
150 180 183 1 15.5 109 16.1 26.7 12.6 67.7
200 180 244 1 22.6 151 19.1 32.9 15.6 83.4
250 180 305 1 23.5 170 21.1 37.4 23.5 114.7
300 180 366 1

N/A

23.3 41.6 27.2 133.27
350 180 427 1 28.5 50.9

N/A
350 270 427 1.5 41.2 65.9
350 360 427 2 49 76.8
350 450 427 2.5 80.3 92.3

The heat flux is the product of friction coefficient, pressure and maximum velocity averaged for a segment of steady state data. The maximum temperature rise is
t at the
b

a
t
e
t
s
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w
t

F
s
n

he difference between the maximum sample temperature and the temperature
ecome erratic and the test is stopped.

nd a normal pressure of 1 MPa; the condition at failure for
he unfilled sample. The highest temperature rise and steep-

st temperature gradient occurred in the unfilled sample. The
emperature gradient is visibly less steep for the indium filled
ample and is significantly less steep for the aluminum filled
ample. These isotherms are sloped and the gradients decrease

i
c
i
o

ig. 3. (a–c) Temperature plotted vs. test time for the unfilled, aluminum filled and i
hown, (d–f) contour plots of the temperature rise in the unfilled, aluminum filled a
ormal pressure. This point during each test is highlighted in (a–c). The point 0,0 is d
base of the sample. At elevated temperatures, wear, friction and temperature

ith depth, indicating that power is flowing both radially, due
o convection from the sides of the sample, and axially. It is also

nteresting to note that the highest temperature occurs inside the
ontact rather than under the contact zone near the point of max-
mum power input due to convection and the insulated condition
f the interior.

ndium filled samples, respectively. Only maximum and base temperatures are
nd indium filled samples, respectively, at 305 mm/s sliding speed and 1 MPa
efined at the mean diameter on the face of the thrust washer.
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Fig. 4. (a) Maximum temperature rise plotted vs. power flux from frictional heating for each sample, (b) thermal conductivity plotted vs. filler wt%. Analytical
solutions for equal strain and equal pressure composites are shown; equal strain and pressure solutions comprise the top and bottom of each conductivity envelope,
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espectively. Two models for aluminum composites are shown; one has an insu

Fig. 4a shows maximum temperature rise plotted versus
he frictional power flux (�PV) for each of the samples.

regression of the data for the unfilled sample gives a
lope �T/q′′ = 7.0 m2K/kW with R2 = 0.99; the linearity sug-
ests that convection losses are proportional to the frictional
ower. The indium filled sample has a regression slope
T/q′′ = 5.0 m2K/kW, with R2 = 0.99. The aluminum filled sam-

le has a regression slope �T/q′′ = 1.4 m2K/kW, but the regres-
ion is poor with R2 = 0.86. Examining only the portion of the
ata at constant load produces a slope �T/q′′ = 1.7 m2K/kW and
2 = 0.99. As load is increased, the slope decreases proportion-
lly, decreasing to �T/q′′ = 1.1 m2K/kW before failure. Various
xperiments were performed to investigate this load dependent
henomenon, including the addition of thermal grease to the
ase of the contact as well as constant P–V experiments where
liding speed was reduced as load increased. From these exper-
ments there is no clear hypothesis for the consistently observed
ehavior of increased conductivity with increasing load.

Estimates of thermal conductivity versus filler wt% for the
amples in this study with analytical solutions for several
dealized composites are shown in Fig. 4b. The conductivity
nvelopes for the analytical models are bounded by the equal
train (upper) and equal pressure (lower) composite structures.

bulk aluminum filled sample has the greatest potential with
luminum having higher thermal conductivity than indium, but
ecause a solid lubricant surface layer was required, the con-
uctivity is capped at approximately 2 W/mK. At 10 vol.%
luminum, analytical solutions for the capped equal strain and
qual pressure composites are K = 1.84 and 0.27 W/mK, respec-
ively. The thermal conductivity of the aluminum filled (10%)
ample is estimated to be 1.6 W/mK. Because indium can be
sed at the interface, the indium composite has much greater
otential than the insulated aluminum filled sample with ana-

ytical solutions for 10 vol.% indium equal strain and equal
ressure composites being K = 8.7 and 0.22 W/mK, respectively.
he indium composite has an estimated thermal conductivity of
.35 W/mK. In general, it is very difficult to obtain connectivity

[

layer and is capped at 2 W/mK, the other does not.

f particulate filler at low loadings; this is reflected by the low
onductivity of the indium sample and similarity to the equal
ressure composite. The aluminum foam has a continuous ther-
al path resulting in a substantially higher conductivity and

imilarity to the equal strain composite.

. Conclusions

Designed composites reduced the operating temperatures and
xtended the operational P–V range of thrust washer compo-
ents.

At failure, the unfilled bulk component had an operational
emperature rise of 170 K. Under the same operating condi-
ions, aluminum filled and indium filled samples had operational
emperature rises of 37 K and 115 K.

The conductivity of the composite is strongly dependent on
he structure of the filler within the composite. The aluminum
oam filled sample performed comparably to an equal strain
omposite while the indium particle filled sample performed
omparably to an equal pressure composite.
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