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Abstract

This case study reports on a recent survey of filled polyetheretherketone composites. A wide variety of available nanoparticles and microparticles
were used during this exploratory activity. The friction coefficients ranged from below 1 =0.05 to over x = 0.60; the wear rates varied from 10~
to 1077 mm>3/(N m). The tests were run against 440C stainless steel counterfaces in open laboratory air with approximately 45% RH, a dry nitrogen
environment with less than 0.5% RH, and unfilled PEEK was cycled between ambient air and high vacuum (10~ Torr). The open (with edge sites)
and closed (without edge sites) structures of the solid lubricant particles did not demonstrate a clear environmental dependence, while the PEEK
showed a very low friction coefficient and wear rate in dry and vacuum environments.

© 2007 Published by Elsevier B.V.
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1. Introduction

There is significant enthusiasm for the use of polymeric
nanocomposites in application areas that involve environments
where traditional fluid lubricants cannot be used. One of the
often cited potential advantages of nanofillers over traditional
hard fillers is that they can be less abrasive. It is thought
that nanocomposites can provide novel functionality in the
area of bulk polymeric components by either responding to
environmental changes [1-5], or by being inert. For exam-
ple, molybdenum disulphide (MoS,) and coatings containing
MoS, are well known materials for space applications, but
oxygen poisoning and deterioration that occurs during ground
testing can cause unacceptably high friction coefficients and
wear rates. In contrast, graphitic materials operate best in humid
environments. With the recent advent of closed shell nanopar-
ticles, traditional solid lubricants are now available without
the edge sites that are thought to drive these environmental
sensitivities.
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This case study surveys a wide range of filled PEEK com-
posites, and provides the average friction coefficient data and
wear rate data for these samples. This breadth of data is
offered to the community to support of future composite devel-
opments, and to provide a comparative suite that modelers
and experimentalists can use to complete their models and
understanding. This data set may also help to further com-
plete a fairly exhaustive set of experiments conducted on
ceramic nanoparticle filled PEEK [6-11] conducted in open air
environments.

2. Materials and experimental conditions

PEEK was chosen as matrix material because of its
high mechanical strength, demonstrated ability to work as a
nanocomposite matrix in tribological applications [6—11], and
compatibility for vacuum operation (namely, low outgassing in
vacuum). Fig. 1 shows TEM micrographs of the materials that
were used in this study. A cryoground PEEK with a character-
istic particle size of 10 wm was used [12] as the matrix. The
filler materials were microcrystalline graphite (~2 wm), carbon
nano-onions [13], single-walled carbon nanotubes, C60 carbon

environments, Wear (2007), doi:10.1016/j.wear.2007.01.036
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Fig. 1. Materials used as fillers in PEEK composites: (a) graphite powder, (b) carbon nano-onions, (c) single-walled carbon nanotubes, (d) tungsten disulphide
powder, (e) tungsten disulphide fullerenes, (f) alumina nanoparticles and (g) PTFE nanopowder. No images of the C60 were collected.

fullerenes, microcrystalline WS, (~600nm), WS, fullerenes
[14-21], A:I" 40 nm alumina nanoparticles [22], and nanopar-
ticles of PTFE [23].

The composites were prepared by jet-milling powder
ensembles of 2, 5, and 10wt.% as described in a previ-
ous publication [24], and compression molding at 360 °C
for 10 min with a 2°C/min ramp up and down in tempera-
ture. Samples were machined from the interior of the molded
sample using a computer numerical control milling machine.
The final samples were 6.35mm x 6.35mm x 12.7mm.
The 440C stainless steel counterfaces had a hardness of
approximately 3.2 GPa and were polished to better than Ry
=30nm.

For the majority of the studies a linear reciprocating pin-on-
disk tribometer was used. This apparatus and the experimental
uncertainties associated with friction coefficient measurements
[25] and wear rate measurements [26] were reported earlier.
For this study the normal load was maintained at 250N, the
sliding speed was 50 mm/s, and the stroke length was 25 mm.
All tests were run for 70,000 cycles (~3.5km of sliding) and

wear rates were calculated from single point observations at the
end of the experiment. In general, tribological transients con-
stituted less than 10% of the test. The tribometer was located
in either an open air clean room environment at 45% RH,
or in a temperature and environmentally controlled glove box
that was backfilled with nitrogen gas (measured at better than
0.5% RH). A vacuum study at 107® Torr was performed on
a custom pin-on-disk tribometer that uses a vacuum compati-
ble six-channel load cell with similar design and uncertainties
to the reciprocating tribometer described earlier [25,26]; the
only sample evaluated on this tribometer was the unfilled PEEK
sample.

3. Results and discussion

The results from these experiments are given in Table 1 and
are summarized by the bar graphs in Fig. 2, and the scatter plotin
Fig. 3. The only notable trend was that the composites tended to
operate better in the inert gas environment. This is most clear in
Fig. 3, where both wear rate and friction coefficient were reduced

environments, Wear (2007), doi:10.1016/j.wear.2007.01.036
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Fig. 2. Tribological results for various PEEK composites against 440C counterfaces

in laboratory air and dry N; environmental testing. Top left: friction coefficient

for laboratory air testing, top right: wear rate for laboratory air testing, bottom left: friction coefficient for dry Ny testing, and bottom right: wear rate for dry N»

testing. The words “open” and “closed” denote structure, with or without edge sites,
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Fig. 3. Wear rates and uncertainties plotted vs. friction coefficients and the
experimental variations in friction coefficient for composites tested in laboratory
air (black) and dry Ny environments (white).

respectively.

in the dry nitrogen environment. Surprisingly, this was ubiqui-
tous even from samples such as the microcrystalline graphite
(which we assumed would perform best in open air), and alumina
(which we assumed would be insensitive).

We speculated that the tribological behavior of the PEEK
matrix was sensitive to the amount of water vapor in the envi-
ronment. An experiment that varied the water vapor content in
the environment chamber showed a monotonic increase in fric-
tion coefficient for unfilled PEEK going from ;£ =0.1 to £ =0.55
with relative humidity changes from 0.2 to 1.6%. Above 2% rel-
ative humidity, no further increases in friction coefficient were
observed for unfilled PEEK. In high vacuum tests pin-on-disk
tests at 8 x 10~ Torr PEEK also showed a friction coefficient
around p =0.1. Itis interesting that in dry environments the more
wear resistant coatings also had lower friction coefficients, while
in open air environments the more wear resistant coatings had
higher friction coefficients.

The polymeric nanocomposites of PEEK all had similar
environmental responses. We speculate that PEEK is not as
environmentally insensitive to water vapor we had originally
thought. The PEEK matrix may have swamped the potential
effects of the nanoparticles that we were trying to interrogate.

environments, Wear (2007), doi:10.1016/j.wear.2007.01.036
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Results of friction coefficient and wear tests for various PEEK composites against 440C counterfaces in (a) laboratory air (35-50% RH) and (b) dry N3 (<0.5% RH)

5wt.%

10 wt.%

4
Table 1
environments
0wt.% 2 wt. %
(a) Laboratory air
Carbon
Powder n=0.448,k=10.9
CNT n=0.515,k=8.52
CNO n=0.646, k=2.99
C60 n=0.435,k=14.1 n=0.550, k=5.65
WS,
Powder n=0.364, k=249
Fullerence n=0.397, k=3.05
Other
PTFE n=0.375, k=36.1
Alumina n=0.448,k=1.28
(b) Dry N,
Carbon
Powder n=0.254,k=8.38
CNT ©n=0.299,k=9.18
CNO n=0.359, k=4.83
C60 n=0.157, k=4.09 n=0.301,%k=9.82
WS,
Powder n=0.177,k=2.25
Fullerence n=0.141, k=0.761
Other
PTFE n=0.214,k=10.5
Alumina n=0.071,k=0.413

n=0.608, k=1.80
nw=0451, k=4.65
n=0.490, k=2.16
n=0.493, k=0.894

1=0325,k=51.6
w=0379, k=8.69

©n=0.393,k=243
n=0.420, k=2.02

w=0.062, k=3.65
w=0.072, k=0.394
w=0.107, k=0.787
w=0.142, k=5.82

n=0.080, k=0.368
n=0.080, k=0.60

n=0.267, k=3.52
©n=0.090, k=0.562

n=0.393,k=62.6
n=0.439,k=13.0
n=0.440, k=3.39
n=0.588, k=0.537

1=0317, k=836
1=0.365, k=81.3

n=0.279, k=16.2
n=0423, k=194

n=0.050, k=0.755
n=0.091, k=0.464
n=0.248, k=3.61
n=0.178,k=9.19

n=0.092, k=0.378
n=0.079, k=2.12

n=0.281,k=2.24
u=0.095, k=0.663

Wear rates are expressed with units of 10~¢ mm?/(N m).

Acknowledgements

This material is based upon an AFOSR-MURI grant
FA9550-04-1-0367. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the
authors and do not necessarily reflect the views of the Air Force
Office of Scientific Research.

References

[1] A. Voevodin, J. Zabinski, Supertough wear-resistant coatings with
‘chameleon’ surface adaptation, Thin Solid Films 370 (2000) 223-231.

[2] A. Voevodin, T. Fitz, J. Hu, J. Zabinski, Nanocomposite tribological coat-
ings with “chameleon” surface adaptation, J. Vac. Sci. Technol. A 20 (2002)
1434-1444.

[3] C. Muratore, A. Voevodin, J. Hu, J. Jones, J. Zabinski, Growth and char-
acterization of nanocomposite yttria-stabilized zirconia with Ag and Mo,
Surf. Coat. Technol. 200 (2005) 1549-1554.

[4] A. Voevodin, J. Zabinski, Nanocomposite and nanostructured tribological
materials for space applications, Compos. Sci. Technol. 65 (2005) 741-748.

[5] C. Muratore, A. Voevodin, J. Hu, J. Zabinski, Tribology of adaptive
nanocomposite yttria-stabilized zirconia coatings containing silver and
molybdenum from 25 to 700 degrees C, Wear 261 (2006) 797-805.

[6] Q. Wang, Q. Xue, H. Liu, W. Shen, J. Xu, The effect of particle size of
nanometer ZrO; on the tribological behaviour of peek, Wear 198 (1996)
216-219.

[7]1 Q. Wang, J. Xu, W. Shen, W. Liu, An investigation of the friction and wear
properties of nanometer Si3Ny filled peek, Wear 196 (1996) 82-86.

[8] Q. Wang, J. Xu, W. Shen, Q. Xue, The effect of nanometer SiC filler on the
tribological behavior of peek, Wear 209 (1997) 316-321.

[9] Q. Wang, Q. Xue, W. Liu, J. Chen, Effect of nanometer SiC filler on the
tribological behavior of peek under distilled water lubrication, J. Appl.
Polym. Sci. 78 (2000) 609-614.

[10] C. Long, X. Wang, Mechanical properties and tribology performance of
the ekonol—peek composite, J. Reinf. Plast. Comp. 23 (2004) 1575-1582.

[11] C.Long, X. Wang, Wear and mechanical properties of ekonol/g/MoS,/peek
composites, J. Mater. Sci. 39 (2004) 1499-1501.

[12] D. Burris, W. Sawyer, A low friction and ultra low wear rate peek/ptfe
composite, Wear 261 (2006) 410—418.

[13] K. Imasaka, Y. Kanatake, Y. Ohshiro, J. Suehiro, M. Hara, Production of
carbon nanoonions and nanotubes using an intermittent arc discharge in
water, Thin Solid Films 506 (2006) 250-254.

[14] L. Rapoport, V. Leshchinsky, 1. Lapsker, Y. Volovik, O. Nepomnyashchy,
M. Lvovsky, R. Popovitz-Biro, Y. Feldman, R. Tenne, Tribological prop-
erties of WS, nanoparticles under mixed lubrication, Wear 255 (2003)
785-793.

[15] L. Rapoport, V. Leshchinsky, M. Lvovsky, 1. Lapsker, Y. Volovik, Y.
Feldman, R. Popovitz-Biro, R. Tenne, Superior tribological properties
of powder materials with solid lubricant nanoparticles, Wear 255 (2003)
794-800.

[16] L. Rapoport, N. Fleischer, R. Tenne, Fullerene-like WS, nanoparticles:
superior lubricants for harsh conditions, Adv. Mater. 15 (2003) 651-655.

[17] L. Rapoport, V. Leshchinsky, Y. Volovik, M. Lvovsky, O. Nepomnyashchy,
Y. Feldman, R. Popovitz-Biro, R. Tenne, Modification of contact surfaces
by fullerene-like solid lubricant nanoparticles, Surf. Coat. Technol. 163
(2003) 405-412.

[18] L. Rapoport, O. Nepomnyashchy, A. Verdyan, R. Popovitz-Biro, Y.
Volovik, B. Ittah, R. Tenne, Polymer nanocomposites with fullerene-like
solid lubricant, Adv. Eng. Mater. 6 (2004) 44—48.

[19] L. Rapoport, O. Nepomnyashchy, I. Lapsker, A. Verdyan, A. Moshkovich,
Y. Feldman, R. Tenne, Behavior of fullerene-like WS, nanoparticles under
severe contact conditions, Wear 259 (2005) 703-707.

environments, Wear (2007), doi:10.1016/j.wear.2007.01.036

Please cite this article in press as: N.L. McCook et al., Tribological results of PEEK nanocomposites in dry sliding against 440C in various gas

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156


dx.doi.org/10.1016/j.wear.2007.01.036

157
158
159
160
161
162
163
164
165

+Model
WEA 98207 1-5

N.L. McCook et al. / Wear xxx (2007) xxx—xxx 5

[20] L. Rapoport, O. Nepomnyashchy, I. Lapsker, A. Verdyan, Y. Soifer, R.
Popovitz-Biro, R. Tenne, Friction and wear of fullerene-like WS, under
severe contact conditions: friction of ceramic materials, Tribol. Lett. 19
(2005) 143-149.

[21] L. Rapoport, N. Fleischer, R. Tenne, Applications of WS, (MoS,)
inorganic nanotubes and fullerene-like nanoparticles for solid lubrica-
tion and for structural nanocomposites, J. Mater. Chem. 15 (2005)
1782-1788.

[22] D. Burris, W. Sawyer, Improved wear resistance in alumina-ptfe nanocom-
posites with irregular shaped nanoparticles, Wear 260 (2006) 915-918.

[23] N. Mccook, B. Boesl, D. Burris, W. Sawyer, Epoxy, ZnO, and ptfe
nanocomposite: friction and wear optimization, Tribol. Lett. 22 (2006)
253-257.

[24] W.Sawyer, D. Burris, Tribological investigations of a low friction, low wear
polymer/polymer composite, Abstr. Pap. Am. Chem. Soc. 231 (2006).

[25] T. Schmitz, J. Action, J. Ziegert, W. Sawyer, The difficulty of measuring
low friction: uncertainty analysis for friction coefficient measurements, J.
Tribol.: Trans. ASME 127 (2005) 673-678.

[26] T. Schmitz, J. Action, D. Burris, J. Ziegert, W. Sawyer, Wear-rate uncer-
tainty analysis, J. Tribol.: Trans. ASME 126 (2004) 802—-808.

environments, Wear (2007), doi:10.1016/j.wear.2007.01.036

Please cite this article in press as: N.L. McCook et al., Tribological results of PEEK nanocomposites in dry sliding against 440C in various gas

166
167
168
169
170
7
172
173
174
175


dx.doi.org/10.1016/j.wear.2007.01.036

	Tribological results of PEEK nanocomposites in dry sliding against 440C in various gas environments
	Introduction
	Materials and experimental conditions
	Results and discussion
	Acknowledgements
	References




