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SYNOPSIS 

T h e  wear behaviors of polytetrafluoroethylene (PTFE) ,  graphite-PTFE, and  MoS-PTFE 
composites with volume content of filler from 0 to  50% were evaluated against a steel ball 
using an  SRV wear tester under a severe wear condition (both a t  high speed and high load) 
and  the wear debris produced during the friction process were clearly observed by scanning 
electron microscopy (SEM). Results indicate tha t  the  wear debris produced during severe 
friction tests are in the form of complete unbroken wavelike ribbons for the good ductility 
polymer-based composites, or in a form of flake for the poor ductility polymer-based com- 
posites. Based on the experimental results of the wear debris formation during the severe 
friction process, a wear model about extrusion wear of the polymer-based composites in 
the contacting region is proposed. From the  mechanism of friction extrusion proposed in 
this article, the phenomenon tha t  the wear debris is a multilayer and oriented film can be 
well explained. 0 1996 John Wiley & Sons, Inc. 

I NTRODU CTlO N 

For tribomaterials, it is very important to under- 
stand their wear mechanism from both scientific and 
practical standpoints. As polymers are macromo- 
lecular structures, their wear mechanism is different 
from inorganic materials and metals. Normally, wear 
in polymer materials occurs as  a result of strong 
adhesive interaction, fatigue, macroshearing, abra- 
sive action, thermal and thermooxidative interac- 
tion, corrosion, cavitation, etc.' These things may 
be true for certain test conditions, and the adhesive 
wear is thought to  be a general rule for polymers. 
Unfortunately, in most cases, it is difficult to explain 
the formation of wear debris using the aforemen- 
tioned mechanisms. Previous tests' conducted in our 
laboratory with a polymer pin against a steel block 
under a mild load have presented three physical 
models of adhesive wear. We found that  the transfer 
film of PTFE or PTFE-based composites was formed 
layer by layer into multilayers on the steel counter- 
face and that the wear debris which was in multilayer 
form was the result of detachment that occurs from 
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the middle of the transfer film a t  some distance from 
the i n t e r f a ~ e . ~ - ~  Furthermore, some researched 
pointed out that  the transfer starts with an initial 
adhesion between the polymer and the countersur- 
face and a shear in the near surface region of the 
polymer. From the physical models proposed by this 
laboratory,' i t  seems that the multilayer wear debris 
is pushed out from the friction surface of pairs, and 
there is no correlation between the single layers ex- 
cept for the packing action. In this case, the wear 
debris cannot show a form of unbroken ribbon. 
Blanchet and Kennedy7 studied the sliding wear 
mechanism of PTFE and three kinds of PTFE-based 
composites and proposed a fracture-based model 
such that  fillers reduce wear by interrupting sub- 
surface deformation and crack propagation, which 
would otherwise lead to large wear sheets. Their tests 
were also carried out by sliding a polymer pin against 
a stainless steel plate a t  a mild load and under severe 
test conditions (high sliding speed). From their 
fracture-based model, it is also difficult to compre- 
hend why the density of crack in the polymer sub- 
surface is a t  the highest value during the friction 
process, while the distribution of cracks of one sub- 
strate is uniform before the friction test. 

The debris formation process-that is, the wear 
process-can be directly related to  the fracture pro- 
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cess. According to the viewpoint of asperity config- 
uration, the real stress a t  the contacting region must 
be higher than an  average stress. Since the previous 
investigations were carried out a t  a mild load, the 
results might be different from those under a severe 
load, and the results observed under the severe load 
may perfectly reflect the real situation of wear. In 
this work, two kinds of PTFE-based composites were 
prepared, and the wear behaviors of these composites 
were evaluated at high load against a steel ball. It 
is expected that this effort will be helpful in under- 
standing the wear mechanism of PTFE-based com- 
posites. 

EXPERIMENTAL 

Two kinds of PTFE-based composites filled with 
graphite and MoS,, respectively, were prepared in 
a plate with a thickness of 8 mm by compression 
molding. The graphite and MoS2 are both commer- 
cial products with a fine powder of 1 pm grit, and 
the volume content of graphite or MoS, was from 0 
to 50%. The wear tests were carried out on an Op- 
timol SRV wear tester with a steel ball moved in 
the form of reciprocating friction on the prepared 
plates of PTFE-based composites, which surface 
were not machined. The rider ball was made of 
GCrl5 bearing steel (SAE 52100 steel) with a di- 
ameter of 10 mm. All wear tests were conducted a t  
a load of 200 N, an amplitude of 1.5 mm, a frequency 
of 20 Hz, and a temperature of 20°C. The average 
reciprocating sliding speed corresponding to both 
the amplitude and the frequency was 0.06 m/s, and 
far more than the speed of 8 X m/s above which 
Blanchet and Kennedy7 considered that the mild- 
severe transition of wear would occur. The wear vol- 
ume of each specimen after the wear test was cal- 
culated according to its longitudinal and sectional 
drawings measured by a profilometer. The wear de- 
bris of each specimen produced in the wear test was 
observed by a JEM-1200EX scanning electron mi- 
croscope (SEM) . 

RESULTS AND DISCUSSION 

The amplitude (single sliding distance) used in the 
tests was 1.5 mm, since such a single sliding distance 
was far longer than the maximum amplitude (300 
pm) of fretting wear. Thus the actual wear form in 
this work was not fretting wear,' and the SRV tester 
was called a fretting wear tester. The wear tests were 
carried out a t  a very high load and high speed so 

that the tribochemical actions between composites 
and the counterface would be ignored in comparison 
with the mechanical  action^.^-^ 

At steel-on-polymer system, usually the transfer 
of polymer to steel surface, occurs during the sliding 
process, and in most cases there will be no wear of 
the steel counterface. In this work, the rider ball 
was weighed by an extremely sensitive balance after 
each test. Results show that the rider ball gains little 
weight after the wear test, and observation by optical 
microscopy clearly shows the formation of a transfer 
film, which takes the circle form on the rubbed steel 
surface. Furthermore, investigation by X-ray pho- 
toelectron spectroscopy ( X P S )  indicates that no Fe 
element on the surface of wear traces of PTFE-based 
composites or in the wear debris exists. 

Figure 1 shows the wear rates of graphite-PTFE 
and MoS,-PTFE composites as a function of filler 
volume content from 0 to  50%. Results in Figure 1 
illustrate that filling of either graphite or MoS, into 
PTFE in the proper volume content results in a re- 
duction of the wear rate of PTFE. However, with 
the volume content of graphite or MoS, more than 
40%, a sharp increase of the wear rate of the PTFE- 
based composites is observed. Previous evaluations 
have found that this phenomenon is related to  the 
sudden change of microstru~ture .~ Figure 1 also in- 
dicates that the optimum of graphite or MoS, con- 
tent may correspond to the difference of chemical 
reaction of MoS, to PTFE, MoS, to  steel, graphite 
to PTFE, or graphite to steel. For application in 
tribology, the maximum filler content of polymer- 
based composites should be less than 40 vol %. 
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Figure 1 
filler content. 

The relationship between wear rate and the 
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The ultimate elongations of PTFE-based com- 
posites are shown in Figure 2. Since the elongation 
corresponds to the ductility of materials, it can be 
seen that the ductility of PTFE-based composites 
decreases with an increase of filler content. Many 
researchers stated this viewpoint. Although the 
specimen size in our work was not standardized, the 
nonmonotonic relationship between the wear rate 
and ductility of PTFE-based composites still indi- 
cates that the ductility of the composite is not the 
sole factor influencing its wear rate. Observations 
of wear debris are often helpful to understand the 
wear mechanism of the steel-on-polymer system. 
Figure 3 gives the SEM micrographs of wear debris 
produced in wear tests of graphite-PTFE and MoS2- 
PTFE composites. Micrographs in Figure 3 show 
that the shape of wear debris changes from the long 
net-ribbon to the flaky form with an increase of filler 
content. These two kinds of wear debris, also ob- 
served by other researchers, 2,7 appear a t  both edges 
of wear trace on the specimen in the direction of 
sliding under the reciprocating test conditions. The 
wear debris of the net-ribbon shape possesses some 
elasticities and ductilities; as a result, the wear debris 
is in a form of a complete unbroken ribbon on which 
there exist some cracks along the direction of fric- 
tion. SEM analyses also indicate that the width of 
the ribbon form of wear debris varies with the con- 
tent of graphite or MoS2 in PTFE. The width of the 
ribbon form of wear debris decreases as the content 
of graphite or MoS2 increases, and the widest ribbon 
form of wear debris is observed for the unfilled 
PTFE. These phenomena should be related to the 
ductility of the PTFE-based composites. It is rea- 
sonable to conclude that the ductility of PTFE-based 
composites becomes poorer with an increase of the 
content of graphite or MoS2, and the poor ductility 
will result in easily broken wear debris. As a result, 
it is difficult for the wear debris to keep a ribbon 
form, and the form of this wear debris becomes large 
individual flakes. 

Figure 4 gives the micrographs of wear debris 
produced with the MoS2-PTFE composites with the 
content of MoS2 at 10% and 40%, respectively. The 
results illustrate the obvious difference in the shape 
of the wear debris. With the content of MoS2 at 
lo%, the wear debris is in the form of a complete 
ribbon with cracks along with it (the same direction 
as sliding). The ribbon is folded into a wave shape 
with each sliding time, so the wear debris is really 
in the form of a folded ribbon or multiwave ribbon. 
However, with the content of MoS2 at 40%, the wear 
debris is in the shape of a large flake. Observations 
of this flakelike wear debris show that it is in mul- 
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Figure 2 Ultimate elongation of graphite-PTFE and 
MoS,-PTFE composites as a function of filler content 
(the size of each specimen is molded to 20 mm X 12.8 mm 
X 8 mm). 

tilayers, and it is believed that this multilayer form 
of wear debris is produced by several sliding times. 

Previous investigations in this laboratory of 
PTFE or metal-filled PTFE composite pins against 
steel block under a mild load have found the for- 
mation of a polymer multilayer transfer film on the 
steel counterface and the generation of a multilayer 
form of wear debris. Based on these facts the three 
physical models of adhesive wear of PTFE and its 
composites were established.' In this work, the tests 
were conducted with a steel ball sliding against the 
polymer plate under 200 N, so the contacting stress 
is much higher than that in the previous investi- 
gations. The average sliding speed is also far more 
than the speed of mild-severe wear transition men- 
tioned by Blanchet and Kennedy.7 Under such a se- 
vere friction condition, other than the transfer of 
PTFE to steel, the contacting region of PTFE or its 
composite might be softened or even be melted, and 
this region can be considered a new phase different 
from the substrate. Many cracks are produced or 
accumulate at the periphery between the softened 
layer and the substrate. In the actions of both load 
and friction force, this softened layer of PTFE is 
very easily extruded out of the contacting region 
from two edges of the wear trace in the direction of 
sliding; the front end of the extruded film (wear de- 
bris) was a free end, while the tail end was connected 
with one edge of the wear trace on the polymer sub- 
strate by the function of thermal compression. This 
process was repeated one by one, and finally the 
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Figure 3 SEM images of wear debris produced during friction (X200): (a) PTFE, (b) 
10% graphite-PTFE, (c) 30% graphite-PTFE, (d) 40% graphite-PTFE, ( e )  10% MoS2- 
PTFE, (f) 30% MoS2-PTFE, (9) 50% MoSZ-PTFE. 

complete unbroken ribbon with many cracks caused 
by extruding stress was formed for a polymer of good 
ductility. For the low-ductility composites, the ex- 
truded film was easily ruptured a t  both edges of the 
wear trace by stress; thus, a cluster of packing wear 
debris in the form of multilayer flakes could be ob- 
served. 

On the basis of the SEM observations mentioned 
earlier, it is easy to understand that the main wear 
of PTFE or PTFE-based composites under tested 
conditions in this study is caused by the extrusion 
of polymer materials from the contacting region, and 
thus a physical wear model of PTFE and PTFE- 
based composites under severe test conditions (high 
load) is proposed (Fig. 5). For good ductility polymer 
materials, such as unfilled PTFE, 10% graphite, or 
MoS,-filled PTFE, the initial sliding of the steel ball 
on the surface of a polymer-based composite results 
in the transfer of polymer to steel, and continuous 

friction causes the contacting region to be softened 
or even melted and cracks to accumulate or propa- 
gate. The continuous extrusion of the polymer ma- 
terial in this softened area by load or friction force 
makes the formation of wear debris in the shape of 
a long wavelike ribbon, as illustrated in Figure 5 (a).  
For a poor ductility polymer-based composite such 
as 50% graphite or MoS,-filled PTFE, the wear de- 
bris extruded out of the contacting region is very 
easily broken into large pieces. As a result, no wear 
debris in the form of a long ribbon is formed, and 
the wear debris only takes the shape of packed wear 
pieces in the form of multilayers, as described in 
Figure 5 ( b ) .  

It is well known that the extruded film of polymer 
(PTFE ) applied in industry is a kind of oriented or 
semioriented film formed by thermal extrusion or 
stress-strain. So it is not difficult to understand why 
the wear debris of polymer produced during friction 
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(9) 
Figure 3 (Continued from the previous page) 

is oriented in a similar way. It seems that the co- 
operation between the steel ball and the substrate 
on which a strain and wear hollow exists completed 

a set of small extruders under the severe friction 
conditions (both at  high load and high speed). By 
analyzing the distribution of temperature in the 

Figure 4 SEM micrographs of the connection between wear debris and one edge of wear 
trace (X100): (a) good ductility polymer-based composite (10% MoS,-PTFE), (b) poor 
ductility polymer-based composite (40% MoS,-PTFE). 
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Figure 5 
poor ductility substrate. 

The friction extrusion mechanism for (a) good ductility substrate and (b) 

metal-polymer contacting system, it can be sup- 
posed that the highest temperature should appear 
in the region below the contacting surface to a cer- 
tain distance in a matrix of polymer-based compos- 
ites. The depth of this region is controlled mainly 
by friction conditions and thermoproperties of poly- 
mer and filler. The crack density near the periphery 
between this region and the substrate possesses the 
highest value. The region from contacting surface 

to some depth of substrate can be considered as the 
region of extrudate. 

CONCLUSlONS 

Under severe wear conditions (both at  high load and 
high speed), the wear debris of PTFE or its com- 
posites with good ductility takes the shape of long 
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wavelike ribbons, in which there are many cracks 
caused by stress; whereas the wear debris of PTFE- 
based composites with poor ductility looks like flakes 
but in multilayer form. Based on the observations 
of wear debris and mechanical analyses, the mech- 
anism of the formation of wear debris is mainly 
caused by friction extrusion of the polymer materials 
in the contacting region. Based on the mechanism 
of friction extrusion under the severe friction con- 
ditions, the phenomenon that the wear debris is a 
multilayer and oriented film have been well ex- 
plained. 
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