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ABPSTRACT

The present paper deals with an experimental investigation carried cut
to 2lucidate the rale played by polymeric and metallic fillers wupon the
coefficient of friction and wear rate of Polyoxymethylene (POM) and
Polytetrafluoroethylene (PTFE). ifead bronze powder and PTFE powder were
added by different percentages of volume to the base material ta form a
composite.

The study was performed on a pln-on—-disk machine under cognstant laad
of 30 M and constant sliding speed af 1.0 m/s under dry sliding conditions.

The results indicate that the addition of bBronze or PTFE fillers
always reduces the coefficlents af friction and wear rates of tested
materials and that reduction increases with the increase of filler content
up to about 404A. The minimum values af frictlon and wear were experienced
by POM containing 3&% PTFE. The paper attributes the reduction in friction
and wear to the formation of polymeric transfer film adhering to the steel
counterface which facilitates sliding and decreases adhesion.

1. INTRODUCTION

During the past decade and up to now, there has been a continuous
increase in the utilization of polymers and polymer-based composites in a
wide range of tribological and biaenglineering appllications. In particular,
polymeric makterials are used as bearing materials {11. Such bearings are
generally self-contained, self-lubricated, chemically stable in aggressive
media, bioinert, cheap, easy tuo fTabricate into complex shapes and they do
not exhibit scuffing, seizure and eorrosion. There triboiogical
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characteristics; in particular thermoplastics, are very promising as they
exhibit low friction and wear when sliding against themselves or against
metals. Hgwever,; certain disadvantageous features limit, to some extend,
the usage of thermoplastics. Such features include the law ultimate
strengthss; low moduli, low thermal conductivities and high thermal
expansion coefficients of thermeoplastics compared to metals. The addition
of fillers and reinforced fibres has significantly improved the %tribologi-

cal and mechanical characteristics of these thermgplastic materials {2-61.

Most polymers exhibit viscoelastic behaviour and the friction becomes
time-dependent [7-8]. It is important te keep this point in mind when
comparing the results of friction tests on identical polymers carried out
on different machines and at different speeds [?]. In addition, when wear
tests are carried cut on polymers, different investigators wuse different
ways in expressing the rate of wears; but the most satisfactory way 1is to
relate the polymeric bearing life to the well-established wear eguation in
which the volume of material removed by wear is expressed as a function of
the applied locad and sliding distance [10].

Amang the wide spectrum of thermoplastic polymers PTFE and POM are of
majar lmportance. Attempts are made to improve their tribological and
mechanical characteristics by the addition of fillers. The addition of
fillers is nat only capable of reducing friction and wear but alsoc reduces
gxpansion coefficients and increases strength and thermal conductivity [51.
Some fillers are used to improve mainly the mechanical properties of the
polymer as asbestos, carbon, glass, metal oxides, textile, silica,...etc,
while some others are used to reduce friction like graphite, PTFE, MOS; »
mineral oils, silicones, fatty acids, ...etc., Bronze in particular, as a
fillers tend to improve the mechanical properties, to reduce friction and
to improve thermal conductivity [5]). PTFE is also of majer importance as a
matrix material suitably reinforced, as an additive to other polymers to
reduce friction and wear, as a thin film solid lubricant and as a grease
additive. One of the interesting features of PTFE and POM, when sliding
against smooth solid counterface, is the built-up of a polymeric transfer,
highly oriented in the direction of sliding. The transfer film formation is
cannected with the smooth molecular profile of the polymer ([11-121, and
results in a significant reduction in both friction and wear due to the
improvement of the counterface surface roughness [13-15] and the reduction
of adhesion and the ease of sliding (2].

2. EXPERIVENTAL

The sliding testys were performed on a3 pin-on-disk type of friction and
w2ar machine, shown in Fig. t. The sliding system consists of a 20.0 cm
diameter amd 0.8 cm thick ground AISI 4340 Steel disk and a cylindrical
pelymeric pin. The sliding occured between the circular end of the
polymeric pin and the metal disk counterface. The pin was secured toc a

fhorizontal arm which carries the vertically applied dead loads. The
deflection of the horizontal arm indicated the friction forque which was
measured by strain gages. The volume loss due to wear of the pin was

assessed by weighing the pin before and after a specific period of time
under a constant normal leocad and siiding speed.

The tested pins of 1004 PTFE, 1004 POM, POM with PTFE, PO with
Bronze and PTFE with Bronze,; were 8 mm in diameter and 10 mm long. The pins
were machined from blocks of polymeric materials formed by pressure
injection according to Table 1. The circular end of the cylindrical pins
was finished by polishing against &00 grade emery paper under running
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water. The disk counterface had a roughness in the ramge 0.4-0.5 um Ra.
Both pins and counterface were cleanad thoroughly by alcobol to remove any
grease traces or contaminants. The pins were recleaned after testing by
alcohol sozked tissues to ensure that they are free from polymer deposit.
The pins were left to dried for_a few hours befare weighing in an accurate
digital balance of accuracy 10 grs. A specific wear rate was calculated
according to the sguation =

Specific Wear Rate = V / (P.L) mm®/ N.m
The wear velume in mm”

The applied normal load in N.
The sliding distance in m.

Where WV
p
[

A sliding speed of 1.0 m/s and 2 normal lead of SO N were used in the
present investigation. Each pin was allowed to rub against the steel
counterface faor a distance of abaut 10 km. Tests were carried osut at room
temperature and humidity conditions.

1. Balancing Weight 4. Fin an Disk
2. Dead Weights 5. Strain Indicahor
3. Strain Gages &. Oszillescape

Fig. 1t View for the Pin-on-disk Friction and Wear Machine

with Measuring Equipment.
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Table §. [nvestigated Polymeric Pin Materials

MATERIAL PERCENTAGE OF COMPONENTS

Fam 100 7% POM

PTFE 100 % PTFE
POM + PTFE 82 4% POM + 18 4 PTFE
70 ¥ POM + 30 4 PTFE
&4 4 POM 3& 4 PTFE
POM + BRONZE 83 % POH 15 4 BRONZE
70 4 POM 30 % BRONZE
40 4 POM 40 4 BRONZE
PTFE + BRONZE 80 % PTFE + 20 % BRONZE
&0 4 PYFE + 40 % BRONZE
S0 % PTFE + 350 % BRONZE

£+

3. RESULTS AND DISCUSSION

A) Friction of Investigated Materials

The wvariation of coefficients of friction with =sliding distance for
pure POM and PTFE pins,; sliding against a steel disk under dry conditions,
is shown in Fig. 2. The test correspanding to each condition was repeated
twice =0 as to obtain reliable friction and wear data. The coefficient of
friction, plotted in figures, was the average of multiple values recorded
throughout the sliding test.

Fig. 2 demonstrates that in the early stages of sliding, the
coefficients of friction for POM and PTFE are relatively high. Briscoe et
al. [11] have elucidated this bhehaviour for PTFE and called it "stick". The
"stick” was accompanied by the formation of a lumpy transfer of polymer
which adheres to the steel counterface. Immediately after this initial
unsteady high friction stage, the coefficient of friction decreases with
continuous sliding over the same friction and wear track to a steady state
value of about 0.27 for POM and 0.10 for PTFE. The decrease in coefficients
of friction from the first high-friction stick to the steady state friction
iz due to the modification of surface topography brought about by the
tramsfer of polymer to the counterface. The tramsfer film in the steady
state condition takes the form of a thin transferred film, and the contact
between polymer and steel is now converted to a contact between the polymer
and the palymeric transfer film. It is beleived that once the first
high—-friction stick has occurred, the polymer is pulled into a direction
which favors easy drawing of the polymer chains which, as sliding
continues, adhere to the metal counterface. The force reguired to draw oqut
the pelymer chains from the bulk pin specimen is essentially the same as
the force needed to slide the polymer, thus, the additional drawing of
fiber may not occur and the transfer <Tilm thickness remains constant.
Therefore; the coefficients of friction remain almost constant. It is clear
fraom Fig. 2 that the transfer film formation has a greater effect upon the
friction of PTFE rather than POM. The reason for that may be due te the
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Fig. 2 Coefficlent of Friction versus Sliding Distance for

POM and PTFE under Dry Sliding Conditions.
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Fig. 3 Influence of PTFE Percentage Filler in POM  on the
Coefficlert of Friction.
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crystal texture of PTFE, which is formed by thin crystalliine bands of
nriented chains separated by diserdered ar amorphous regions. Easy slip is
paostulated within the disordered regions, leading to the drawing out of
thin oriented film from the crystalline bands. Pooley and Tabor {1&1] and
l_ancaster [17] have attributed the low Ffriction of PTFE to the smooth
molecular profile of the chains. On the other hand, POM has less smooth
molecular profile than PTFE, thus POM exhibits higher steady state friction
values.

Il Friction of POM with PTFE Powder Filler

Fig. 3 demonstrates the variation in cpefficients of friction for FPOM
and POM compesites containing 18 %, 30 A and 34 “4 by voiume PTFE pawder. As
can be seen, the addition of PTFE az a fiiler to POM reduces the dry
friction coefficients to merse acceptable values compared to pure FOM.
Although the unfilled POM gives a ceefficient of frictionm around ©.3, but
the addition of PTFE powder to the POM matrix reduces the coefficient of
friction to attout ©.1 for 3J0-34& W PTFE filler.

A strong adhering polymeric film is formed with the filled polymer on
thea counterface
during sliding. This transfer fiim plays the major role in
reducing the friction bHetween the filled POM and the steel counterface.
Briscoe et al [117 suggest that with most wunfilled polymers, there is
transfer of polymer to the counterface but it is relatively weakly held;
out for filled pelymers,; the adhesion is stronger and the transfer film
aonce formed, further transfer is gmall and the friction and wear are light.
The Tigure alse indicates that the ceoefficients of friction decrease
rapidly with increasing PTFE filler content to the lowest experienced
friction value at about 3& % PTFE.

Iil? Friction of PUM and PTFE with Bronze filler

Fig. 4 shows the variations in the caefficients of friction for POM
and PTFE with vartable percentages of lead-branze filler. As can be seen,
the coefficients of friction Ffor PTFE with the addition of different
percentages of bronze, remains virtually constant; which means that the

frictional Sehavicour Tor the filled and unfilled PTFE are
indistinguishable. Presumably the filler has little or no effect upon the
low friction polymers like PTFE. The same behaviour was observed for

high—density polyethylene (HDPE) when incorporating a minture of copper and
lead oxides into HOPE; which is classified as a low friction polymer [113.
On the cother hand,  the coefficient of friction for POM composite decreases
from 0.3 ko 0.18 when the percentage of filling bronze attains 30 %, but
then the cpefficient of friction values rise again with the increass of
bronze caontent. The results, therefore, suggest that the minimum friction
coefficient, for filled POM with bronze, is experienced at about 30 % by
volume bronre.

B} Wear of Investigated Materials

[) Wear of POM with PTFE Filler

The wear rates of POM against steel counterface, decrease rapildly with
increasing PTFE filler content to a minimum value at around 30 % PTFE
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Fig. 5 Variation of Wear Rate of POM Contalning Different
Percentages of PTFE Powder Filler.
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The results indicate that there is an appreciable reduction in wear rates
dug‘tozﬁha addition of PTEE pu?der to POM. The wear rates fall from 12.5 =
io mm / MN.m to 0.79 x 10O mm/ M.m by the addition of 3J04 PTFE to FOM
matrix. This dramatic reducticon in the wear rates is alsa atiributed to the
formaticn of a strongly adhering transfer film on the steel counterface.
Variety of explanations has been proposed in the literature to account for
the way in which fillers reduce the wear of specific polymer. Some
explanations reflect the role played by chemical reactions, some attribute
it Yo mechanical actions, but the more general explanation focus upen the
role of transfer film and the madification of the counterface surface
roughness.

II) Wear of POM and PTFE with Braonze Filler

In Fig. &; the wear rates of both POM and PTFE containing different
percentages of lead—-bronze filler, are illustrated. The variations in the
wear rate of POM and the added percentage of braonze, exhibit a linear
relationship. As the bhronze percentage increases, the wear rate of POM
consequently decreases. By increasing the_Proan content to &0 %  in P0ﬂ1
thg wear rates decrease from 12.5 » 10 mm/ N.m to about 4.0 n 10
mm / N.m.

The filled PTFE with bronze exhibits lower wear rate values compared
with filied POM. Although the wear rate of 100 4 PTFE is higher than that

af LOO 4 POM, but the additian of bronze filler has decreased
significantly the wear rates of PTFE. It is known that the addition
aof bronze to polymers always results in an improvement in the

mechanical properties, in particular the polymer strength, and also improve
the resistance to heat ([(18-19]1. Furthermores bronze acts as a solid
lubricant between rubbing surfaces which results in a reduction in both
friction and wear.

C) Comparison hetween Friction and Wear far Investigated

Materials

In general, both investigated polymers (FOM and PTFE) benefit from the
presence of fTilling 2lements and they show a reducticon in friction and wear
with the increase of filllng percentage. The percentage reduction in either
friction or wear varied from material to material. Fig. 7 shows a histogram
farc the coefficient of friction and wear rate values.

As illustrated, PTFE and filled PTFE with bronze experienced lower
friction coefficient values compared with POM and POM composites.

PTFE is known to be a low-friction palymer and the addition of bronze
to its matrin has demonstrated little effect wupon the coefficient aof
friction. Meanwhile, the additiaen of PTFE to POM has improved its friction
behaviour. The friction of POM with PTFE filler continue to decrease with
the increase of PTFE content. On the other hand, the additicon of bronze fto
POM up to 30 % bronze, decreases its coefficient of friction while it tends
to increase the coefficient of friction for higher percentage of bronze.

For the wear rate of tested materials, pure PTFE shows the highest
value, but this value falls significantly to much lower one by the addition
of bronze. Increasing the bronze percentage results in further reduction in
the wear rate. On the other side, the lowest wear rate was cobtained for FOM
with 30 % PTFE filler. Nevertheless, PTFE + 30 % bronze also exhibits very
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low wear rate comparable with that of FOM + 30 % PTFE.

CONCLUSIONS

Based on the experimental investigation presented in this paper, the

following conclusions were made @

1.

The initial coefficients of friction for POM and PTFE, sliding against
steel counterface under dry conditions, are relatively high due to the
lumpy fashion of polymeric transfer ta the metal counterface. This is
followed by a steady state friction valugs when the transfer takes the
form af a thin film oriented in the direction of sliding.

2. PTFE exhibits lower steady state friction values compared with POM and
that is attributed to the smoother wmolecular preofile of PTFE. In
addition, the adhesion of PTFE is lower than that of POM which alsco
cantributes tg the higher friction of POM than PTFE.

3. The addition of PTFE powder as a filler ta the wmatrirx of FOM
reduces the coefficient of friction values of POM (0.3} to that of
pure PTFE (0.1) when the percentage of PTFE in POM reaches about 30 %
by volume.

4. The addition of bronze filler to PTFE does not affect the friction
coefficients of this low—friction polymer.

3. Bromze filler slightly decreases the coefficient of frictiam of POM
contairing up to 30 % bronze. The existance of bronze over 30 ¥% in POM
has a deleterious effect upon friction.

5. Remarkable reduction in wear rates 1is obtained for POM when PTFE
powder is used as a filler. Increasling the percentage of FPTFE filler
tends to decrease the wear rate of FOM.

7. PTFE benefits to a large extend from the presence of bronze filler, in
reducing its wear rate. Lowest wear rate was obtained for 30 % bronze
with 30 A PTFE composite.

1. The polymeric transfer film Sfrom the pin surface to the steel
counterface, plays the major role 1in reducing adhesion between
sliding surfaces; ameliorating the counterface friction track
roughness, easing sliding between surfaces. Thus the friction and wear
decrease with the formation of this film.
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