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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-
ment in thrust washer experiments: (d) compositionally graded control sample; unfilled PEEK with an integrated solid lubricant surface layer, (e) a compositionally
graded 10 vol.% aluminum foam-PEEK sample with an integrated solid lubricant surface layer, and (f) a 10 vol.% indium filled PEEK/PTFE bulk solid lubricant
component.

ing composite architectures to analyze are the equal pressure and
equal strain structures (named for the manner in which they sup-
port load). These idealized composites are shown in Fig. 2a–c.
Physically, these are equivalent to sheets of filler with the surface
normal vectors oriented parallel and perpendicular to the load
direction, respectively, and their properties theoretically bound
the properties of the composite. A normalized temperature rise
is used to model the performance of these composites, and is
defined by

�T ∗ = �Tc

�Tm
(3)

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

q′′ = K
�TEP

Lc
= Km

�Tm

(1 − xf)Lc
= Kf

�Tf

xfLc
(4)

The EP composite temperature rise is the sum of the filler and
matrix temperature rise contributions. Rearranging terms from
Eq. (4) and solving for the temperature rise of the equal pressure
composite gives

�TEP = q′′(1 − xf)Lc

Km
+ q′′xfLc

Kf
(5)

�Tm = q′′Lc

Km
(6)

�T ∗
EP = 1 − xf + Kmxf

Kf
(7)

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

q′′Ac = KESAc
�TES

Lc
= KfxfAc

�TES

Lc
+ Km(1 − xf)Ac

�TES

Lc
(8)

which yields the equal strain conductivity:

KES = Kfxf + Km(1 − xf) (9)

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

�T ∗
ES = q′′LcKm

(Kfxf + Km(1 − xf))q′′Lc
= Km

Kfxf + Km(1 − xf)
(10)

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

�T ∗
EP = 1 − xf

(
1 − 1

K∗

)
(11)

And Eq. (10) reduces to

�T ∗
ES = 1

1 + xf(K∗ − 1)
(12)

For aluminum filler in a PTFE matrix, K* = 1000. At 10 vol.%
filler, the temperature rises for equal pressure and equal strain
composites are 90% and 1% that of the matrix alone, respec-
tively. There are major opportunities to improve in composites
by hierarchically structuring the filler domains.



Author's personal copy

D.L. Burris, W.G. Sawyer / Wear 264 (2008) 374–380 377

3. Experimental

PTFE is a well known solid lubricant and has one of the
lowest friction coefficients of any bulk polymer; it’s poor wear
resistance limits its use. PEEK is a strong, tough engineer-
ing thermoplastic with high wear resistance, but suffers from
a high coefficient of friction. The multifunctional composites in
this study are based on a unique PEEK/PTFE blend discussed
previously by the authors in [7] At the optimal composition,
the solid lubricant has a lower friction coefficient and 1000×
lower wear than either constituent for the conditions tested;
a 30 wt% PEEK-PTFE blend is used here as the solid lubri-
cating material. The mechanical attributes of the PEEK filler
are used to improve the bulk mechanical properties of the
composite through a compositional grading. Both PEEK and
PTFE are extremely poor thermal conductors, and the 140 ◦C
Tg of PEEK further limits the operational range of the compo-
nents. Aluminum has excellent strength, stiffness and thermal
conductivity, and is available in the form of continuous open
cell foams with varying densities, pore sizes and properties.
But, the high strength of aluminum requires it to be mechan-
ically, and consequently, thermally isolated from the interface
to avoid detrimental effects to the tribological properties. Indium
is slightly less conductive than aluminum but has extremely low
shear strength making it a suitable material for use at the inter-
face. The disadvantage of indium is that it is available only
in pellet or powder form making it unlikely to form the con-
tinuous structure necessary for efficient dissipation of thermal
energy.

Three components are tested here: (1) an unfilled PEEK sam-
ple compositionally graded to a solid lubricant surface layer, (2)
a 10 vol.% aluminum foam filled PEEK sample composition-
ally graded to solid lubricant surface layer, and (3) a 10 vol.%
indium filled solid lubricant component. Optical cross-sections
of the samples are shown in Fig. 2. Each sample is com-
pression molded in a 1.25 in. diameter cylindrical mold. The
compositional grading process is discussed in detail in [8], but
briefly, consists of a sacrificial layer of PTFE followed by a
layer of the solid lubricant and successive layering of powder
ensembles increasing in 10 wt% increments. The remainder of
the mold is filled with PEEK powder for the unfilled graded
sample. The metal foam is infiltrated with PEEK at approxi-
mately 400 ◦C, by slowly pressing the foam into a relatively
low viscosity PEEK melt. This material, once cooled, fills the
remainder of the mold after the compositional grading. The
indium composite is prepared by combining 10 vol.% indium
powders with 90 vol.% solid lubricant powders. The powder
ensemble is mechanically mixed in a Hauschild high speed
mixer. The parts are consolidated at 50 MPa and compression
molded at 360 ◦C for 3 h with 2 ◦C/min ramps at approximately
2 MPa.

After molding, the samples are machined to 10 mm thick-
ness. The samples are then mounted into a fixture on a computer
numerically controlled stage. A series of four 3.3 mm deep,
250 �m holes are drilled radially at axial locations of 0.76 mm,
2.54 mm, 4.32 mm and 6.10 mm as measured from the surface.
The sample is rotated about its axis and two additional sets of

holes are drilled at radial depths of 5.3 mm and 7.3 mm. Theses
holes receive thermocouples for temperature measurement and
estimation of the 2D temperature field in a region beneath the
contact. An additional thermocouple measures the temperature
at the base of the sample for temperature rise calculations. The
locations of these measurements with respect to the center of the
thrust washer are shown in Fig. 1.

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

Initially, the experimental conditions consist of a normal load
of 180 N and a spindle speed of 50 rpm. This corresponds to
a normal pressure of approximately 1 MPa and a maximum
speed of 61 mm/s. When the sample reaches thermal equilib-
rium, the spindle speed is increased in 50 rpm increments. When
the maximum spindle speed of 350 rpm is reached, normal load
is increased in 90 N increments. When the PV limit is reached,
wear accelerates, friction coefficient and temperature become
erratic and the test is stopped.

4. Results and discussion

The experimental results are summarized in Table 1, and
graphically illustrated in Fig. 3. Fig. 3a–c shows the maximum
temperature and base temperature of each sample plotted as a
function of time. While the operational PV is fixed as the sample
develops a steady state, the heat flux changes with the developing
tribological system and causes the temperature to change even
after the system is determined to be at thermal equilibrium. At
305 mm/s and 1 MPa the unfilled sample failed after operating
briefly at a temperature rise of 170 ◦C. At these conditions, the
aluminum and indium samples had temperature rises of 37 ◦C
and 115 ◦C, respectively. The indium filled sample failed at a
sliding speed of 427 mm/s and a normal pressure of 1 MPa, and
the aluminum filled sample failed at 427 mm/s and 2.5 MPa. The
measured temperature rise at failure is reduced due to increased
base temperature.

Contour plots of temperature rise for a 6 mm × 4 mm area of
each 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
the difference between the maximum sample temperature and the temperature at the base of the sample. At elevated temperatures, wear, friction and temperature
become erratic and the test is stopped.

and a normal pressure of 1 MPa; the condition at failure for
the unfilled sample. The highest temperature rise and steep-
est temperature gradient occurred in the unfilled sample. The
temperature gradient is visibly less steep for the indium filled
sample and is significantly less steep for the aluminum filled
sample. These isotherms are sloped and the gradients decrease

with depth, indicating that power is flowing both radially, due
to convection from the sides of the sample, and axially. It is also
interesting to note that the highest temperature occurs inside the
contact rather than under the contact zone near the point of max-
imum power input due to convection and the insulated condition
of the interior.

Fig. 3. (a–c) Temperature plotted vs. test time for the unfilled, aluminum filled and indium filled samples, respectively. Only maximum and base temperatures are
shown, (d–f) contour plots of the temperature rise in the unfilled, aluminum filled and indium filled samples, respectively, at 305 mm/s sliding speed and 1 MPa
normal pressure. This point during each test is highlighted in (a–c). The point 0,0 is defined 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,
respectively. Two models for aluminum composites are shown; one has an insulating layer and is capped at 2 W/mK, the other does not.

Fig. 4a shows maximum temperature rise plotted versus
the frictional power flux (�PV) for each of the samples.
A regression of the data for the unfilled sample gives a
slope �T/q′′ = 7.0 m2K/kW with R2 = 0.99; the linearity sug-
gests that convection losses are proportional to the frictional
power. The indium filled sample has a regression slope
�T/q′′ = 5.0 m2K/kW, with R2 = 0.99. The aluminum filled sam-
ple has a regression slope �T/q′′ = 1.4 m2K/kW, but the regres-
sion is poor with R2 = 0.86. Examining only the portion of the
data at constant load produces a slope �T/q′′ = 1.7 m2K/kW and
R2 = 0.99. As load is increased, the slope decreases proportion-
ally, decreasing to �T/q′′ = 1.1 m2K/kW before failure. Various
experiments were performed to investigate this load dependent
phenomenon, including the addition of thermal grease to the
base of the contact as well as constant P–V experiments where
sliding speed was reduced as load increased. From these exper-
iments there is no clear hypothesis for the consistently observed
behavior of increased conductivity with increasing load.

Estimates of thermal conductivity versus filler wt% for the
samples in this study with analytical solutions for several
idealized composites are shown in Fig. 4b. The conductivity
envelopes for the analytical models are bounded by the equal
strain (upper) and equal pressure (lower) composite structures.
A bulk aluminum filled sample has the greatest potential with
aluminum having higher thermal conductivity than indium, but
because a solid lubricant surface layer was required, the con-
ductivity is capped at approximately 2 W/mK. At 10 vol.%
aluminum, analytical solutions for the capped equal strain and
equal pressure composites are K = 1.84 and 0.27 W/mK, respec-
tively. The thermal conductivity of the aluminum filled (10%)
sample is estimated to be 1.6 W/mK. Because indium can be
used at the interface, the indium composite has much greater
potential than the insulated aluminum filled sample with ana-
lytical solutions for 10 vol.% indium equal strain and equal
pressure composites being K = 8.7 and 0.22 W/mK, respectively.
The indium composite has an estimated thermal conductivity of
0.35 W/mK. In general, it is very difficult to obtain connectivity

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

5. Conclusions

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

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

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