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ABSTRACT: Four kinds of polytetrafluoroethylene(PTFE)-based composites, such as
pure PTFE, PTFE/30%(v)PbO, PTFE/30%(v)Pb3O4, and PTFE/30%(v)Cu2O com-
posite, were prepared. The friction and wear properties of these metal oxides filled
PTFE composites sliding against GCr15 bearing steel in both dry and lubricated condi-
tions were studied by using an MHK-500 ring-block wear tester. Then the worn surfaces
of these PTFE composites and the transfer films of these PTFE composites formed on
the surface of GCr15 bearing steel were examined by using a Scanning Electron Micro-
scope (SEM) and an Optical Microscope, respectively. Experimental results show that
the friction and wear properties of these metal oxide-filled PTFE composites can be
greatly improved by liquid paraffin lubrication, and the friction coefficients can be
decreased by one order of magnitude. Meanwhile, the interactions between liquid paraf-
fin and metal oxide-filled PTFE composites, especially the absorption of liquid paraffin
into the surface layers of these PTFE composites, reduce the mechanical strength and
the load-carrying capacity of these metal oxide-filled PTFE composites. This leads to
the deterioration of the friction and wear properties of these PTFE composites. Investi-
gations of the frictional surfaces show that Pb3O4, Cu2O, and PbO enhance the adhesion
of the transfer films to the surface of GCr15-bearing steel, and thus promote the transfer
of the PTFE composites onto the surface of GCr15-bearing steel. Therefore, they greatly
reduce the wear of the PTFE composites. However, the transfer of these PTFE com-
posites onto the counterfaces can be greatly reduced by lubrication with liquid paraffin.
q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 85–93, 1997
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INTRODUCTION thors.1–3 It is found that almost any type of filler
or fiber can greatly reduce the wear of PTFE com-

Low-friction coefficient, high thermal stability, posites.
and chemical resistance make PTFE an attractive Metal oxides, such as PbO, Pb3O4, etc., have
polymer for sliding applications. However, its poor been used as high-temperature lubricants. Their
mechanical strength, excessive viscoelastic defor- lubricity is usually very poor at room temperature
mation under load, and a high wear rate greatly in atmosphere. Briscoe et al.4 studied the friction
limit the application of PTFE in practice. There- and wear behaviors of high-density polyethylene
fore, various fillers have been used to reinforce (HDPE) composites filled with CuO and Pb3O4.
PTFE, and the friction and wear mechanisms of They found that filling CuO or Pb3O4 to HDPE
PTFE composites have been studied by many au- can greatly reduce the wear of HDPE composites,

but CuO and Pb3O4 increase the friction coeffi-
cient of the HDPE composites. Pocock et al.5 stud-

Correspondence to: Z.Z. Zhang.
ied the interactions between PTFE and metal ox-
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differential scanning calorimetry (DSC). They with PTFE powder, respectively, then the mix-
tures were molded and sintered into the blocksfound that no reaction occurred between PTFE

and metal oxides from room temperature to (samples) . In this experiment, four kinds of
PTFE-based composites, such as pure PTFE,4507C. But Gao et al.6 found, by using DSC and

X-ray photoelectron spectroscopy (XPS), that PTFE/30%(v)Cu2O, PTFE/30%(v)Pb3O4, and
PTFE/30%(v)PbO composites, were prepared.chemical reaction between PTFE and lead oxide

occurred under static and frictional conditions. The surface of PTFE composite blocks were pol-
ished with number 800 grade SiC abrasive paper,However, metal oxides as important fillers for

PTFE, the effects of metal oxides on the friction washed in acetone, and dried in air.
The friction and wear tests were carried out onand wear behaviors of PTFE composites, the syn-

ergistic effects between PTFE and metal oxides, an MHK-500 ring-block wear tester (Timken
wear tester) with a steel ring, which is 49.2 mmand their effects on the friction and wear proper-

ties of PTFE composites should be studied fur- in diameter and 13.0 mm in length, rotating on a
PTFE composite block, which is 12.3 1 12.3ther.

At present, almost all of the studies on the fric- 1 18.9 mm in size. The steel ring, made of GCr15
bearing steel (SAE52100 steel, its chemical com-tion and wear properties of metal oxide-filled poly-

mers are related to unlubricated conditions; much position is listed in Table I) , was polished with
number 900 grade SiC abrasive paper.less information is available about the lubricated

friction and wear of metal oxide-filled PTFE com- In this experiment, the friction and wear tests
were performed at room temperature in ambientposites. It is known that many plastics wear much

more in water than in air.7–9 Watanabe et al.10–12 atmosphere with a sliding speed from 1.0 to 2.5
m/s and loads from 100 to 400N for the dry frictionstudied the wear behavior of PTFE composites in

aqueous environments (water); they found that condition or 100 to 1000N for the oil lubricated
condition. Each friction and wear test was per-the wear of PTFE composites filled with glass fi-

bers is especially high in an aqueous environ- formed for 30 min. Before each test, the surfaces
of PTFE composite block and GCr15-bearing steelment. Briscoe et al.13,14 studied the lubricated

wear of some polymers. They pointed that the ab- ring were cleaned by rubbing with a soft cloth
dipped in acetone and then dried in air. The lubri-sorption of fluid into the surface layers of poly-

mers can change their mechanical properties and cating oil used in this experiment was liquid par-
affin, which was added to the rubbing surfaces atso, in turn, influence the friction and wear of the

polymers. However, up to now, systematic studies a rate of 30 drops per minute during the test. The
wear was detected by the weight loss of the PTFEon the friction and wear properties of metal oxide-

filled PTFE composites under oil lubrication have composite blocks after each test by an analytical
scale (precision: 0.1 mg). The friction coefficientnot been reported yet. Therefore, it is essential to

study the friction and wear behaviors of PTFE was determined by measuring the friction torque.
The friction torque was detected by a torque re-composites filled with metal oxides in oil lubrica-

tion. cording system, so the friction coefficient could be
calculated by the formula of friction coefficient forThe purpose of this study is to investigate sys-

tematically the friction and wear behaviors of the Timken wear tester. The friction coefficient
was the average value of those in the last 10 min.PTFE composites filled with metal oxides under

oil lubrication, and gain some insights into the Finally, the worn surfaces and the transfer films
of these PTFE composites formed on the surfacefriction and wear mechanisms of metal oxide-

filled PTFE composites in oil lubrication. It is ex- of GCr15-bearing steel were examined by using
SEM and optical microscopy.pected that this study may be helpful to the appli-

cation of PTFE composites filled with metal oxides
in practice.

RESULTS AND DISCUSSION

EXPERIMENTAL Friction and Wear Properties in Dry
Friction Condition

Materials used for preparing PTFE composites
include PTFE powder with a grit size of about The friction and wear results of PTFE composites

filled with metal oxides sliding against GCr15-30 mm, Cu2O, Pb3O4, and PbO powders with a
grit size of about 76 mm. First, metal oxides of bearing steel in the dry friction condition are

shown in Table II. The results in Table II indicateCu2O, Pb3O4, and PbO were mixed completely
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Table I Chemical Composition of GCr15 Bearing Steel (wt %)

C Mn Si Cr P S Fe

0.950–1.050 0.200–0.400 0.150–0.350 1.300–1.650 õ 0.027 õ 0.020 Remainder

that PbO has little effect on the friction coefficient of the PTFE/30%(v)PbO composite by a factor of
2 orders of magnitude under a different load.of the composite, while Cu2O and Pb3O4 reduce

the friction coefficient of the composites, but the It is known that PTFE composites are visco-
elastic materials; their deformation under load isfriction reducing action of Pb3O4 is better than

that of Cu2O. Meanwhile, the wear of these PTFE viscoelastic. Therefore, the variation of friction co-
efficient with the load follows the equation mcomposites can be greatly reduced by filling PTFE

with PbO, Cu2O, or Pb3O4. The wear-reducing ac- Å KN (n01) , where m is the friction coefficient, N
is the applied load, K is a constant, and n is alsotion of Pb3O4 is the best, that of Cu2O is the sec-

ond, and that of PbO is the worst. Therefore, the a constant, its value between 2/3 and 1 (2/3
õ n õ 1). According to this equation, the frictionPTFE/30%(v)Pb3O4 composite exhibits excellent

friction and wear-reducing properties in the dry coefficients of PTFE composites decrease with the
increase of the load. But when the load increasesfriction condition.

The variations of friction coefficients and wear to the load limit of the PTFE composites, the fric-
tion and wear increase sharply.with load for PTFE composites filled with metal

oxides sliding against GCr15-bearing steel in the
dry friction condition are shown in Figures 1 and

Friction and Wear Properties under Oil Lubrication2, respectively. It can be seen from Figure 1 that
the friction coefficient of the PTFE/30%(v)PbO The variations of friction coefficients and wear
composite decreases with the increase of the load with the load for PTFE composites filled with
from 100 to 400N , but the friction coefficients of metal oxides sliding against GCr15-bearing steel
PTFE/30%(v)Pb3O4 and PTFE/30%(v)Cu2O under lubrication of liquid paraffin are shown in
composites decrease with the increase of the load Figures 3 and 4, respectively. It can be seen from
from 100 to 300N , and then increase with the Figure 3 that, comparing the friction results to
increase of the load. Meanwhile, the friction prop- those in the dry friction condition, the friction
erty of the PTFE/30%(v)Pb3O4 composite is bet- properties of these PTFE composites can be
ter than those of the other two PTFE composites. greatly improved by lubrication with liquid paraf-
The results in Figure 2 show that the wear of these fin, and the friction coefficients of these PTFE
PTFE composites increases with the increase of composites can be decreased by one order of mag-
the load. The wear of the PTFE/30%(v)Cu2O nitude. Meanwhile, the friction coefficients of
composite increases sharply when the load is these PTFE composites decrease with the in-
higher than 300N , but the wear of the
PTFE/30%(v)Pb3O4 composite is still very small
even under higher loads, and the wear of the
PTFE/30%(v)Pb3O4 composite is lower than that

Table II The Friction and Wear Results
of PTFE Composites Filled with Metal Oxides
in Dry Friction Condition

Friction Wear
Material Coefficient (mg)

PTFE 0.257 385.4
PTFE / 30%(v)Pb3O4 0.232 1.1
PTFE / 30%(v)Cu2O 0.245 5.9

Figure 1 Variations of friction coefficients with thePTFE / 30%(v)PbO 0.261 125.6
load for PTFE composites filled with metal oxides in

Sliding speed: 1.5 m/s; Load: 100 N; Time: 30 min. the dry friction condition (speed: 1.5 m/s).
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Figure 4 Variations of wear with the load for PTFE
composites filled with metal oxides under lubricationFigure 2 Variations of wear with the load for PTFE
by liquid paraffin (speed: 2.5 m/s).composites filled with metal oxides in the dry friction

condition (speed: 1.5 m/s).

easily formed on the rubbing surfaces, then the
crease of the load. When the load increases to the lubrication condition at the rubbing surfaces can
load limit of the PTFE composites, their friction be greatly improved. Therefore, the friction coef-
coefficients increase sharply. The results in Fig- ficient and wear rate decrease with the increase
ure 4 show that, comparing the wear results to of the sliding speed.
those in the dry friction condition, the wear-reduc- It was found in the experiments that there were
ing properties of these PTFE composites can be some obvious cracks on the worn surfaces of
greatly improved by lubrication with liquid paraf- PTFE/30%(v)Cu2O and PTFE/30%(v)Pb3O4
fin, and the wear of the PTFE composites in- composites under the load of 600N in liquid paraf-
creases with the increase of the load. When the fin lubrication, while there was some serious de-
load increases to the load limit of the PTFE com- formation on the worn surfaces of PTFE and
posites, the wear increases sharply. PTFE/30%(v)PbO composites under the load of

Variations of friction coefficient and wear rate 1000N . Therefore, 600N is the load limit of
with sliding speed for the PTFE/30%(v)PbO PTFE/30%(v)Cu2O and PTFE/30%(v)Pb3O4
composite under lubrication by liquid paraffin are composites at the sliding speed of 2.5 m/s under
given in Figures 5 and 6, respectively. The results liquid paraffin lubrication, while 1000N is the
in Figures 5 and 6 show that the friction coeffi- load limit of PTFE and PTFE/30%(v)PbO com-
cient and wear rate of the PTFE/30%(v)PbO posites. Meanwhile, the results from Figures
composite decrease with the increase of the slid- 1–4 show that the friction and wear-reduc-
ing speed under lubrication by liquid paraffin. It ing properties of PTFE/30%(v)Cu2O and
is known that, with the increase of the sliding PTFE/30%(v)Pb3O4 composites are better
speed, a layer of lubricating oil film can be more than those of PTFE and PTFE/30%(v)PbO

Figure 5 Variation of the friction coefficient with theFigure 3 Variations of friction coefficients with the
load for PTFE composites filled with metal oxides under sliding speed for the PTFE/30%(v)PbO composite un-

der lubrication by liquid paraffin (load: 600N ) .lubrication by liquid paraffin (speed: 2.5 m/s).
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According to the above analysis, the formula m
} h N /P can be approximated by m } N /P under
the conditions in this experiment. The results in
Figure 3 show that, when the velocity is constant,
the friction coefficient of PTFE composites under
lubrication by liquid paraffin decreases with the
increase of the load. However, the friction coeffi-
cient increases sharply when the load increases
to the load limit of PTFE composites. Therefore,
the variations of the friction coefficients with the
load for PTFE composites filled with metal oxides
under lubrication by liquid paraffin can be ex-
plained properly by the formula m } h N /P .Figure 6 Variation of the wear rate with the sliding

speed for the PTFE/30%(v)PbO composite under lu-
brication by liquid paraffin (load: 600 N ) .

SEM Investigation of Worn Surfaces

It was found in the experiments that the width and
the depth of the wear scars on the worn surfaces ofcomposites in the dry friction condition, but the

friction and wear-reducing properties of PTFE the PTFE/30%(v)Cu2O and PTFE/30%(v)Pb3O4

composites are much smaller than those of pureand PTFE/30%(v)PbO composites are much
better than those of PTFE/30%(v)Cu2O and PTFE and PTFE/30%(v)PbO composites in the

dry friction condition. The width of the wear scarPTFE/30%(v)Pb3O4 composites lubricated
with liquid paraffin. Therefore, it can be de- on the worn surface of pure PTFE is about 12 mm,

while that of the PTFE/30%(v)PbO composite isduced that the interactions between liquid par-
affin and PTFE composites, especially the ab- about 7 mm. Figure 7 gives electron micrographs of

the worn surfaces of PTFE composites filled withsorption of liquid paraffin into the surface layers
of PTFE composites, reduce the mechanical metal oxides in the dry friction condition. It can be

seen from Figure 7 that the wear scars on the wornstrength and the load-carrying capacity of these
metal oxide-filled PTFE composites compared to surface of the PTFE/30%(v)Pb3O4 composite are

much smaller than those of the PTFE/30%(v)-those of pure PTFE. This leads to the deteriora-
tion of the friction and wear properties of the Cu2O composite. Meanwhile, the worn surface of

the PTFE/30%(v)PbO composite is very smooth,PTFE composites.
When the sliding speed is constant, the varia- but there are also some smaller wear scars in the

large wear scar of the PTFE. Therefore, it can betions of friction coefficients with the load for PTFE
composites filled with metal oxides under oil lu- deduced from the above investigation results that

filling Pb3O4, Cu2O, or PbO to PTFE can greatlybrication can be described by the formula m } h
N /P , where m is the friction coefficient, h is the reduce the wear of PTFE composites, but the wear

reducing action of Pb3O4 is the best, that of Cu2Oviscosity of lubricating oil, N is the rotation speed
of the steel ring, and P is the applied load.15–17 At is the second, and that of PbO is the worst. These

analysis results are consistent with the wear data.a constant sliding speed, the temperature at the
rubbing surface increases with the increase of the Figure 8 gives the electron micrographs of the

worn surfaces of PTFE composites filled with metalload. At the same time, the viscosity of the lubri-
cating oil decreases with the increase of tempera- oxides under liquid paraffin lubrication. It can be

seen from Figure 8 that there are some obviousture, but increases with the increase of the load.
The variations of viscosity with load and tempera- cracks on the worn surfaces of the PTFE/30%-

(v)Cu2O and PTFE/30%(v)Pb3O4 composites,ture indicate that the effect of viscosity on the
friction coefficient is so small compared to the ef- but there are only some wear scars on the worn

surfaces of PTFE and PTFE/30%(v)PbO com-fect of the load on it that the formula m } h N /P
can be approximated to m } N /P . Therefore, the posites. Therefore, it can be deduced that the in-

teractions between liquid paraffin and PTFE com-friction coefficients of these PTFE composites de-
crease as the load increases at a constant sliding posites, especially the absorption of liquid paraffin

into the surface layers of PTFE composites, re-speed under lubrication by liquid paraffin. How-
ever, when the load increases to the load limit of duce the mechanical strength and the load-car-

rying capacity of the PTFE composites filled withthe PTFE composites, the friction and wear of
these PTFE composites increase sharply. Pb3O4 and Cu2O compared to those of pure PTFE
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Figure 7 Electron micrographs of the worn surfaces of PTFE composites filled with
metal oxides in the dry friction condition. (speed: 1.5 m/s; load: 100N ) . (a) PTFE, (b)
PTFE/30%(v)PbO, (c) PTFE/30%(v)Cu2O, and (d) PTFE/30%(v)Pb3O4.

and PTFE/30%(v)PbO composites, and thus in- composites can be greatly reduced.3,4 Meanwhile,
the results in Figure 9 show that the transferfluence the friction and wear properties of the

PTFE composites.13,14 These analysis results are films formed on the counterfaces of Pb3O4 or
Cu2O-filled PTFE composites are much more uni-also consistent with the experimental results.
form than those of the PbO-filled PTFE composite.
This indicates that the adhesion between the

Optical Microscopy Examination of Transfer Films transfer film of the PTFE/30%(v)PbO composite
and the surface of GCr15-bearing steel is weak,Optical micrographs of the transfer films formed

on the surface of GCr15-bearing steel, for PTFE so it is difficult to form a uniform transfer film
on the surface of GCr15-bearing steel. However,composites filled with metal oxides in the dry fric-

tion condition, are shown in Figure 9. It can be Pb3O4 or Cu2O-filled PTFE composites can easily
form uniform transfer films on the surface ofseen from Figure 9 that there are obvious transfer

films formed on the surface of GCr15-bearing steel GCr15-bearing steel, the friction between PTFE
composites and GCr15-bearing steel is trans-for PTFE composites filled with Pb3O4, Cu2O, or

PbO, but no obvious transfer film formed on the formed to the friction between PTFE composites
and the transfer films. Therefore, the friction andsurface of GCr15-bearing steel for pure PTFE.

Correlating the above investigations with the fric- wear properties of Pb3O4 or Cu2O-filled PTFE
composites are better than those of the PbO-filledtion and wear results, it can be deduced that

metal oxides of Pb3O4, Cu2O, and PbO enhance PTFE composite.
Figure 10 gives the optical micrographs ofthe adhesion of the transfer films to the surface

of GCr15-bearing steel, and thus promote the transfer films formed on the surface of GCr15-
bearing steel for PTFE composites filled withtransfer of PTFE composites onto the surface of

GCr15-bearing steel, so the wear of the PTFE metal oxides under lubrication by liquid paraffin.
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Figure 8 Electron micrographs of the worn surfaces of PTFE composites filled with
metal oxides under lubrication by liquid paraffin. (sliding speed: 2.5 m/s). (a) PTFE,
1000N ; (b) PTFE/30%(v)PbO, 1000N ; (c) PTFE/30%(v)Cu2O, 600N ; and (d)
PTFE/30%(v)Pb3O4, 600N .

It can be seen from Figure 10 that there are not reducing action of Pb3O4 is the best, and
that of PbO is the worst. Therefore, theobvious transfer films formed on the counterfaces

for PTFE composites in liquid paraffin lubrica- PTFE/30%(v)Pb3O4 composite exhibits
excellent friction and wear-reducing prop-tion. Comparison of the transfer films to those in

the dry friction condition indicates that the trans- erties in the dry friction condition.
2. The friction and wear properties of PTFEfer of PTFE composites onto the counterfaces can

be greatly reduced by liquid paraffin lubrication. composites filled with metal oxides can be
greatly improved by liquid paraffin, andTherefore, it can be deduced that the wear of

PTFE composites filled with metal oxides can be the friction coefficients can be decreased by
one order of magnitude.greatly reduced with lubrication by liquid paraf-

fin. All of the above analyses are consistent with 3. The friction coefficients of the PTFE com-
posites filled with metal oxides decreasethe results of friction and wear tests.
with the increase of the load under both
dry and lubricated conditions, but the wear
increases with the increase of the load.CONCLUSIONS
Meanwhile, the friction coefficient and the
wear rate of the PTFE/30%(v)PbO com-1. Under dry friction condition, PbO has little

effect on the friction coefficient, but Pb3O4 posite decreases with the increase of the
sliding speed under lubrication by liquidand Cu2O reduce the friction coefficients of

PTFE composites. Filling PTFE with PbO, paraffin.
4. The interactions between liquid paraffinPb3O4, or Cu2O can greatly reduce the

wear of these PTFE composites. The wear- and these PTFE composites, especially the
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Figure 9 Optical micrographs of the transfer films formed on the surface of GCr15-
bearing steel for PTFE composites filled with metal oxides in the dry friction condition
(128) (sliding speed: 1.5 m/s). (a) PTFE, 100N ; (b) PTFE/30%(v)PbO, 300N ; (c)
PTFE/30%(v)Cu2O, 300N ; and (d) PTFE/30%(v)Pb3O4, 300N .

absorption of liquid paraffin into the sur- PTFE composites compared to those of
pure PTFE. This leads to the deteriorationface layers of the PTFE composites, reduce

the mechanical strength and the load-car- of the friction and wear properties of these
PTFE composites.rying capacity of these metal oxide-filled

Figure 10 Optical micrographs of the transfer films formed on the surface of GCr15-
bearing steel for PTFE composites filled with metal oxides under lubrication by liquid
paraffin (128) (sliding speed: 2.5 m/s; load: 300N ) . (a) PTFE/30%(v)PbO; (b)
PTFE/30%(v)Pb3O4.
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