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bstract

PEEK is a high strength engineering thermoplastic that suffers from a high friction coefficient and a friction induced wear mode. Past studies with
0 �m PEEK and PTFE powders resulted in composite solid lubricant that (at the optimal composition) had a wear rate of k = 2 × 10−9 mm3/Nm
ith a friction coefficient of μ = 0.12. A compositional grading of PEEK and PTFE is implemented in this study to create a bulk composite with

he functional requirements of component strength, stiffness and wear resistance while providing solid lubrication at the sliding interface. The

ribological performances of three functionally graded PEEK components were evaluated on linear reciprocating, rotating pin-on-disk and thrust
asher tribometers. Wear rates comparable to samples of the bulk solid lubricant and comparable or improved frictional performance were achieved
y compositionally grading the near surface region of PEEK components.

2006 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 in
pplications where the use of fluid and boundary lubricants is
recluded. The primary challenges in solid lubrication include
ow strength/toughness, high friction and/or wear, and limita-
ions of operational environments.

Fig. 1 is a graph of wear rate versus friction coefficient for
arious solid lubricating polymeric composites, polymer blends,
nd unfilled polymers that are used in tribology studies [1–12].

hile tribological performance does not have a single unique
efinition, broadly speaking materials with low wear rates and
riction coefficients are desirable. Many tribological systems are
reated through various coating techniques. Under such situa-
ions the base material provides load support with the coating

roviding tribological protection. Coatings experience wear dur-
ng operation and thus have finite life and characteristically high
nd erratic friction coefficient during coating failure. For many
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ractical applications bulk polymeric solid lubricants extend
perational life by providing a greater amount of sacrificial
aterial to the tribological contact. Unfortunately, those bulk
aterials that are desirable for tribological performance often do

ot provide the engineering performance such as high strength
nd toughness; low creep and thermal expansion; electrical and
hermal conductivities; and chemical inertness needed by the
esigners.

The goal of this work is to design a multi-functional two con-
tituent polymer system using the concepts of spatially variable
omposite architecture and compositional material grading. This
rticle presents a building block in the design of multi-functional
omposites, specifically, for tribological and engineering appli-
ations.

. Experimental

An integrated, functionally graded component design based
n PEEK and a unique PEEK/PTFE blend discussed by the
uthors in [12] was compression molded into a single bulk com-

onent. The majority of the part is molded from Victrex 450
F PEEK, the sliding interface is 50 wt% cryoground PEEK
approximately 10 �m) filled with DuPont 7C PTFE prepared
ccording to [12]. All samples are compression molded in a

mailto:wgsawyer@ufl.edu
dx.doi.org/10.1016/j.wear.2006.03.045
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Fig. 1. A multivariate plot of friction coefficient (x-axis) vs. wear rate (y-
axis) for various solid lubricating polymeric composites, unfilled polymers, and
polymer blends. The target region is the lower left hand corner, a region of
ultra-low wear rate and friction coefficient. The data points are labeled with
the constituents and listed as: (a) PTFE/PEEK composite Lu and Friedrich
[1]; (b) Si3N4/PEEK nanocomposite [2]; (c) PA6/HDPE blend Palabiyik and
Bahadur [3]; (d) PTFE/PEEK composite [4]; (e) ZnO/PTFE nanocomposite [5];
(f) FEP/PTFE composite Menzel and Blanchet [6]; (g) CNT/PTFE nanocom-
posite [7]; (h) Al2O3/PTFE nanocomposite [8]; (j) Al2O3/PTFE nanocomposite
and unfilled PTFE Burris and Sawyer [9]; (k) epoxy/ePTFE composite [10]; (m)
Al2O3/PTFE nanocomposite Burris and Sawyer [9]; (o) PEEK/PTFE compos-
ite and unfilled PEEK Burris and Sawyer [11,12]; (j) unfilled PI unpublished,
V = 50.8 mm/s, P = 6.25 MPa, reciprocating pin-on-disk tribometer.
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Fig. 2. Experimental apparatuses used for tribological testing of functionally graded
the bulk solid lubricant testing in [1] with a sliding speed of 50 mm/s and apparent co
ar 262 (2007) 220–224 221

.25 in diameter cylindrical mold. The compositional grading
rocess begins with a layer of PTFE powders being added to the
ottom of the mold (this material is sacrificial and is machined
way after processing). The second step is the addition of 1.25 g
f the solid lubricant powder ensemble of PEEK and PTFE
12]. The compositional grading to Victrex 450 PF PEEK occurs
hrough successive layering of 250 mg of blended material being
dded in 10 wt% increments up to 100 wt% cryoground PEEK,
hich is then terminated with the addition of 10 g of Victrex
50 PF PEEK. Each sample is compression molded following
he procedure in [1], and after compression molding the PTFE
ayer formed from the first step is milled away. Each sample is
NC machined for mounting, and the surfaces are finished with
00 grit silicon carbide wet abrasive paper, washed in soap and
ater, and sonicated in methyl alcohol for 15 min.
The tribological properties are evaluated on a linear recipro-

ating tribometer [13,14], a rotating pin-on-disk tribometer [10],
nd a custom made thrust washer tribometer. Schematic repre-
entations of the tribometers, samples, sample configurations,
nd test conditions are shown in Fig. 2. Under all situations the
raded components are located on the bottom and the counter-
urfaces are made from 304 SS. The pin samples are hemispher-

cally tipped to approximately 25 mm and the thrust washer was

achined flat; the finished surfaces have an average roughness
a of approximately 50 nm. The linear reciprocating tribome-

er has linear motion with velocity reversals, while the rotating

PEEK based components. Testing conditions closely approximate those from
ntact pressure of 6.25 MPa.
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in-on-disk and trust washer tribometers have unidirectional
otation. The thrust washer sample is the only sample where
ach differential location within the wear track is in constant
ontact with stainless steel counter-surface. The thrust washer
ribometer, which has not been described previously, is similar in
hilosophy to the linear reciprocating tribometer; a pneumatic
ylinder, using pressurized air from electro-pneumatic valves,
pplies the load to a linear thruster which is connected to a six-
hannel load cell and holds the stationary sample.

The experimental conditions closely approximates previous
xperiments conducted on the cryoground PEEK/PTFE com-
osite described in detail in [12], although these experiments
ere conducted on the reciprocating tribometer. Briefly, all

xperiments were run under a sliding velocity of 50.8 mm/s
ith a nominal contact pressure of 6.25 MPa (assuming a fully

onformal contact with the hemispherically tipped pins). Since
he reciprocating and rotating pin-on-disk counter-surfaces are
emispherically tipped, the initial contact pressures are much
igher than the steady-state pressures and plastic flow likely
ccurs.

As discussed in detail by Schmitz et al. [13], interrupted
ass measurements are a reliable technique to use in wear rate

alculations of polymeric systems that can have dimensional
hanges not associated with wear (e.g., thermal, elastic, plas-
ic, viscoelastic, and viscoplastic deformations). However, for
ltra-low wear rate polymeric samples, even this technique is
usceptible to unmeasured deterministic influences, such as the
nvironmental uptake of water, which exceeded the mass loss
uring this study for the rotating pin-on-disk experiment. In
rder to make qualitative estimates of wear rate, two compli-
entary quantitative techniques were used. First, all tribometers
ere instrumented with linear variable differential transformers
LVDTs). Second, at the end of each experiment, the surfaces
ere examined with 3d scanning white light interferometry

SWLI) and maximum wear track depth and shape were col-
ected. The SWLI measurements represent an upper bound on

y
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ig. 3. Left: Plot of friction coefficient vs. sliding distance. Right: plot of in-line LV
sliding speed of 50.8 mm/s and an apparent contact pressure of 6.25 MPa. The reci

oaded to 200, 45, and 900 N, respectively. The contacting surfaces of the stainless ste
5 mm radius. Each test has unique contact mechanics and frictional heating.
ar 262 (2007) 220–224

ny calculated wear rate, as wear transients and other deforma-
ions are included in the measurement. The worn volume of each
ample is calculated by integrating the displaced area under a
egression line of the original surface in five representative loca-
ions and then integrating an average cross-sectional area along
he wear track. The standard deviations of the five measurements
ere less than 20% of the average.

. Results and discussion

Fig. 3 shows the results of the in situ measurements made
uring each of the three tests. On the left, friction coefficient is
lotted versus sliding distance. The rotating pin-on-disk sample
ad a steady friction coefficient of μ = 0.11, the reciprocating
ribometer had a lower average value of friction coefficient at

= 0.09, and the thrust washer tribometer had the lowest aver-
ge value of the friction coefficient at μ = 0.07. The thrust washer
onfiguration has a flat continuous profile in the sliding direction
nd subsequently has no additional bulk deformation component
n the frictional toque. Although the sliding speeds and contact
ressures are matched during these experiments embedded ther-
ocouple tests suggest that the temperature rise at the interface

or the reciprocator and rotator are negligible (2–5 ◦C), while
he thrust washer experiments have interface temperatures that
re 20–40 ◦C above ambient. These temperature differences may
lso lead to lower measured friction coefficients for the thrust
asher tests.
For linear reciprocation experiments, the friction coefficient

f the graded sample was μ = 0.09 as compared to the value
= 0.1 obtained for tests of the bulk solid lubricant [12]. The

ifference in these values is statistically significant and not the
esult of experimental uncertainty. In a detailed uncertainty anal-

sis of the friction coefficient for this tribometer, Schmitz et
l. [14] found the uncertainty to be approximately 2% of the
ominal value for 99% confidence. The transfer films are hypoth-
sized to enable the primary mechanism of low friction for this

DT displacement measurements vs. sliding distance. Tests were performed at
procating tribometer, pin-on-disk tribometer, and thrust washer tribometer are
el pins in the pin-on-disk and reciprocating experiments have an approximately
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ig. 4. (a) Interferometric surface scans of a portion of the wear tracks from th
orn samples indicating regions where interferometric scans are taken, and r
xperimental conditions for each of the tribological configurations.

olid lubricant [1]. Fine scale entanglement of the PTFE and
EEK are suggested to arrest large scale transfer, and allows
hains of PTFE to be drawn from the bulk by the counter-surface;
imilar to the mechanism of low friction for unfilled PTFE dur-
ng mild wear. The formation of these transfer films depends
n the tribological surface and they are likely identical to those
bserved from the bulk composites. The compositional grading
ay contribute to lower coefficients of friction by stiffening the

ontact zone and reducing the area of contact. Another factor
hat may influence the friction coefficient is surface roughness;
he counterfaces in this study are smoother.

The graph on the right of Fig. 3 shows LVDT measurements
ersus the sliding distance. These data were used in conjunction
ith the geometric relationships between depth and area for

ach contact to calculate displaced volume. Although the initial

eflections are likely due to mechanical deflections and not wear,
he transients in these data indicate the extent to which interfero-

etric measurements can be skewed by permanent deformations
nd wear transients.

c
s
a
p

able 1
ear rate results for functionally graded samples in three testing configurations; linea

ionally rotating thrust washer tribometers

Wear rate quantification technique

In situ displacement

ribometer configuration
inear reciprocating pin-on-disk k = 1 × 10−9

otating pin-on-disk k = 1 × 10−9

hrust washer k = 2 × 10−9

n situ displacement, single point interferometric and gravimetric measurements wea
ould be made on the pin-on-disk sample. Wear rate, k, is shown with units of mm3/N
ctionally graded components after wear testing. (b) Digital photographs of the
of the graded interface. Wear tracks have a visible brown discoloration. (c)

Fig. 4 contains optical micrographs of the worn samples at the
ompletion of the experiments and 3d SWLI scans of the wear
racks; the maximum depths of wear ranged from 14 �m for
he thrust washer sample to 55 �m for the reciprocator sample.
urve fitting of the linear reciprocating and rotating pin-on-disk

amples gave estimates of the radii of curvature that are con-
istent with the target radii. Further, no delamination cracking
ithin the graded region was found and the wear depths did not
enetrate into this region.

Table 1 lists the wear rate results for all tests and all tech-
iques. As anticipated, there was a wide variation in the cal-
ulations of wear rates of these nominally identical samples
epending on the test and wear quantification technique. LVDT
alculations of steady-state wear rate were the lowest of all tech-
iques ranging from k = 1–2 × 10−9 mm3/(Nm). Interferometric

alculations of wear rate for the reciprocating and pin-on-disk
amples were 9 and 30 × 10−8 mm3/(Nm), respectively, and are
rtificially high due to material flow and transient wear; com-
arable analysis of the thrust washer sample gives a reasonable

r reciprocating pin-on-disk, unidirectionally rotating pin-on-disk and unidirec-

Single point interferometric Steady-state gravimetric

k = 90 × 10−9 k = 13 × 10−9 U(k) = 3 × 10−9

k = 300 × 10−9 k = N/A U(k) = N/A
k = 10 × 10−9 k = 15 × 10−9 U(k) = 0.4 × 10−9

r used to quantify wear. No statistically significant gravimetric measurements
m.



2 r / We

e
a
w
t
s

4

(

(

(

A

0
m
a
o

R

[

[

[

[
rate uncertainty analysis, J. Tribol-T ASME 126 (2004) 802–
808.
24 D.L. Burris, W.G. Sawye

stimate of wear rate with k = 1 × 10−8 mm3/(Nm). Gravimetric
nalysis of the reciprocator and thrust washer samples produced
ear rates of 1.3 and 1.5 × 10−8 mm3/(Nm), respectively (a sta-

istically significant calculation of wear rate for the pin-on-disk
ample could not be made).

. Conclusions

1) The friction coefficients of the functionally graded PEEK
based components were less than or equal to those obtained
for the bulk components [12].

2) The wear rates obtained in all cases were determined to
be comparable or improved over the bulk components [12].
The difficulty in quantifying the wear rates of ultra-low wear
samples was demonstrated, and three complementary tech-
niques were used to examine the wear behavior.

3) Tribological properties of a functionally graded engineer-
ing component exceed the properties of bulk components
without sacrificing the mechanical properties. The material
grading did not show signs of delamination.
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