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Abstract. In this study, the friction and wear behaviours of polytetraﬂuoroethylene (PTFE)-based composites
were comparatively evaluated under dry sliding and oil-lubricated conditions. Two PTFE composites ﬁlled with
bronze and bronze + molybdenum disulﬁde (MoS2 ) were considered. These composites were used as guide rings
for hydraulic actuating cylinder. Friction and wear tests of the composite specimens sliding against high chromium
steel ball were conducted using reciprocating linear tribometer. The wear mechanisms of the composites under the
two different sliding conditions were analysed and discussed based on scanning electron microscopic (SEM) examinations of the worn surface and optical micrographs of the steel counterface. Under the oil-lubricated condition, the
friction and wear behaviours of the composites were considerably improved if compared to that under the dry sliding. The oil adsorbed layer limited the transfer of the composite to the steel counterface and avoided the oxidation
of the MoS2 during the sliding test.
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Introduction

Polytetraﬂuoroethylene (PTFE) composites were widely
used as engineering materials due to their good mechanical
and tribological properties. These properties were dependent
on the types and the content level of ﬁllers [1–3]. Among
them, bronze powder was used as ﬁller in the PTFE matrix
and its effects on the friction and wear behaviour of the PTFE
composites were studied by many researchers [4,5]. Besides,
the addition of high percentage of bronze powder to PTFE,
results in a composite having high thermal conductivity and
better wear resistance than most other compounds [4]. Sure
enough, Bahadur and Tabor [6] and Blanchet and Kennedy
[7] have concluded that the ﬁllers interrupted the destruction
of PTFE banded structure and formation of large debris during the friction process. Moreover, the wear mechanisms of
the PTFE composites were characterized by the formation of
a PTFE transfer ﬁlm on the counter surface and the adhesion
of this transfer ﬁlm was improved by the content level of the
bronze ﬁller [8]. However, the ﬁllers can lead to the increase
of the friction coefﬁcient, activate abrasion and reduce the
mechanic integrity and chemical resistance of the composite
during sliding [9].
To preserve the best friction behaviour of the PTFE, solid
lubricant such as molybdenum disulﬁde (MoS2 ) was added
with the hard ﬁllers. But this hypothesis is not necessarily true, and the ﬁllers with solid lubrication together, may
not enhance the performance of the composite at all the
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operating conditions [10]. Also, the interaction of the ﬁllers
with the polymeric matrix is sensitive to the wearing situations and the operating conditions [11]. Presumably, wear
of the composites should be studied at different working
conditions.
The friction and wear behaviours of the PTFE ﬁlled with
bronze or MoS2 under dry sliding condition have been studied by many researches [4,12,13]. However, the ﬁeld application of these composites was enlarged and PTFE-based
composites have been used in ﬂuid environments. According
to the many scientiﬁc researchers, the friction and wear of
the PTFE composites have signiﬁcantly been reduced in the
lubricated condition [14–17]. Moreover, the authors found
that in the lubricated condition, the PTFE-based composites
had a different tribological behaviour than the pure PTFE
material, when the pressure and temperature varied [18,19].
Yet, there is a dearth of information about the friction and
wear behaviour of the bronze + MoS2 ﬁlled PTFE under the
oil lubricated condition.
In this paper, the attempt was made to evaluate the tribological behaviour of the PTFE-based composites ﬁlled with
MoS2 and/or bronze particles under the lubricated condition
using a reciprocating linear tribometer. The pick of the latter
sliding condition is due to the fact that these composite materials could be set on the piston of the hydraulic actuating
cylinder. Moreover, the evolutions of the friction coefﬁcient,
the wear rate and wear process, for each of the considered
composites with respect to the number of sliding cycles were
analysed and compared with those under the dry sliding. This
is because the studied composites could also be set on the rod
of the hydraulic actuating cylinder.
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Table 1.

PTFE-based composite materials.

Appointment of composites
Composite A
Composite B

Table 2.

Bronze (wt%)

MoS2 (wt%)

Characteristics of ﬁllers

55
70

40
30

∼5
0

Bronze 10–30 μm size
Bronze 10–30 μm size

Mechanical properties of the PTFE-based composites.
Young modulus
(MPa)

Composite A
Composite B

Table 3.

582 ± 2
676 ± 4

Ultimate stress Ultimate strain
(MPa)
(%)
16.5 ± 0.2
23.5 ± 0.6

512 ± 7
521 ± 8

Characteristics of the used lubricant.

Density at 15◦ C
Viscosity at 40◦ C
Viscosity index
Flash point

2.

PTFE (wt%)

0.87 kg l−1
31.2 mm2 s−1
100
202◦ C

Experimental

2.1 Materials
Two commercially available PTFE composite materials used
as guide rings for hydraulic actuating cylinder were considered in this study. These materials were proprietary products
supplied by Dichtomatik. They were supplied as strips with a
section of 25 × 3 mm2 . The ﬁller particles added to the PTFE
matrix were bronze and bronze + MoS2 . For each composite
material, the weight fractions of the constituents were identiﬁed using ﬁre loss technique followed by atomic absorption analyses [20]. The mechanical properties of the PTFE
composites were determined under tensile loading [20]. The
chemical composition and the mechanical properties of these
materials are listed in tables 1 and 2, respectively.
In all friction tests, the specimens were cut from the supplied strips with 20 × 25 × 3 mm3 dimensions. The counterface was high chromium steel ball (100Cr6) with a surface
roughness of 0.06 μm and a radius of 19 mm. For all the tests,
the lubricant used was commercially available synthetic oil.
This lubricant is a high performance anti-wear hydraulic oil
designed in the Gulf harmony series by AW 32. It is compatible with sealing materials and multi-metals commonly used
in the hydraulic actuating cylinder. The characteristics of the
lubricant were listed in table 3.
2.2 Microstructure analysis
The microstructures of specimens were examined using the
JSM-5400 model scanning electron microscope (SEM). The
micrographs of each specimen are presented in ﬁgure 1. For

the two composites, the homogeneous distribution of the
ﬁller particles in the PTFE matrix can be clearly seen. But,
no good wetting of the bronze particles with the matrix was
observed for both the composites (ﬁgure 1a and b ). Since
there are no strong bonds between the ﬁllers and the matrix in
the composites, these interfaces become the places of crack
initiation. This has a harmful effect on their mechanical properties. In fact, it can be seen from table 2 that the composite
A has lower ultimate stress than the composite B (16.5 and
23.5 MPa, respectively). This is because the former contains
the highest wt% of ﬁllers.
2.3 Friction and wear test
The friction and wear characterizations of the considered
PTFE composites were performed using a reciprocating
ball-on-ﬂat tribometer under lubricated condition (ﬁgure 2).
The tribometer allows the contact between the steel ball and
the composite specimen under a constant normal load. The
specimen was glued on the bottom of the oil bath and then, it
was totally covered by oil before the start of the test. Regarding the wear test arrangement, it consists in keeping stationary the steel ball and a tangential cyclic motion was applied
to the specimen, by means of a crank system driven by an
electric motor, which was controlled by an electronic speed
regulator. The tangential displacement amplitude and frequency were adjusted for the ﬁrst time. The tangential load
was measured by a load cell located between the specimen
holder and the slider of the crank system. The output of this
load cell was continuously stored by using a data acquisition system. Before each test, the steel ball and the composite
sample surfaces were thoroughly cleaned with ethanol and
then dried. The friction and wear test conditions selected for
our study are given in table 4. The same ball-on-ﬂat tribometer was used to characterize the friction and wear behaviours
of both composites A and B, under the dry condition for the
sake of comparison. For each PTFE composite, a minimum
of three tests were performed for a given test duration. The
surface morphologies of the wear tracks on the PTFE composite and the steel counterface were examined using both
SEM and optical microscope (OM).
After each wear test, SJ-210 hand-held roughness tester
was used to establish surface proﬁle in the transverse direction across the wear scar on the PTFE composite specimen.
On the basis of this proﬁle, the cross section, S (mm2 ) of the
wear groove was calculated. The volume loss, V (mm3 ) of
the composite specimen due to the wear was calculated as:
V = S × d,

(1)
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Figure 1. Microstructural images: (a) and (a ), composite A; (b) and (b ) composite B.

where d = 15 mm is the length of the sliding stroke. The
speciﬁc wear rate, K (mm3 N−1 m−1 ) was calculated using
the following expression [21]:
K=

V
,
(F n × L)

(2)

where V is the volume loss (mm3 ), Fn the normal load (N)
and L the sliding distance (m).
3.

Figure 2. Reciprocating ball-on-ﬂat tribometer.

Table 4.

Friction and wear test conditions.

Parameters

Experimental conditions

Normal load (N)
Displacement amplitude (mm)
Frequency (Hz)
Temperature (◦ C)
Humidity (%)
Number of cycles
Surface roughness, Ra (μm)

81.3
±7.5
1
20–25
50–60
7,200; 18,000; 25,200; 36,000; 79,200
Composite A: 16; Composite B: 2.3

Results and discussion

Figure 3 shows the typical evolutions of the friction coefﬁcient with the number of cycles for the considered PTFE
composites under dry sliding and lubricated conditions. It
can be clearly seen that the friction behaviour of the composites was improved by lubrication. In effect, for the composite A, friction coefﬁcient reaches a value of 0.07 after
36,000 cycles under the lubricated condition, while under the
dry sliding, it reaches a value of 0.26 after the same number
of cycles. Meanwhile, the friction coefﬁcient of the composite B reaches a value of 0.06 under the lubricated condition
and it reaches a value of 0.21 under the dry sliding. So, the
friction coefﬁcients of the composites decreased signiﬁcantly
by oil lubrication. Moreover, under the lubricated condition,
the friction coefﬁcient of the composites A and B experiences a progressive increase and reaches a constant value at
the end of the test. This indicates that an equilibrium stage
was achieved for the composites after 79,200 cycles. While,
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0.30

Friction coefficient

0.20
0.15

Oil lubrication
Composite A
Composite B
Dry sliding
Composite A
Composite B

3
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Figure 3. Evolution of the friction coefﬁcient with the number of
cycles for the two PTFE composites.
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Figure 5. Evolution of the volume loss of the composites with the
number of cycles.
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Figure 4. Typical proﬁles of the wear groove of the composite B.

under the dry sliding, the friction coefﬁcient of the composite A experiences a sharp increase near the end of the test. As
for the composite B, its friction coefﬁcient tends to stabilize
around a constant value after 36,000 cycles.
For each of the composites, the volume loss, V (mm3 )
was calculated from the established surface proﬁle. As an
example, typical proﬁles of the wear groove on the surface
of composite B were presented in ﬁgure 4. Evolution of the
wear loss, represented by the volume loss with the number
of cycles is illustrated in ﬁgure 5 for the composites A and
B under dry- and oil-lubricated sliding conditions. Also, so
as to compare the progress of the wear severity of the composites under the latter conditions, the speciﬁc wear rate, K
(mm3 N−1 m−1 ) is plotted against the number of cycles in
ﬁgure 6.
It is seen from ﬁgure 5 that the wear loss of the composites A and B decreases signiﬁcantly under the lubricated condition compared with the dry sliding condition. Moreover,

Figure 6. Evolution of the wear rate with the number of cycles
for different PTFE composites.

under both dry- and oil-lubricated conditions, the wear loss
of the composite A has a tendency to stabilize when the number of cycles increases. Meanwhile, the wear loss of the composite B increases progressively. Also at all conditions, the
wear of composite A keeps the lowest value.
Figure 6 shows that the speciﬁc wear rate of composite
A decreased gradually under both lubricated and dry conditions. As for the composite B, the wear rate remained stable
under the oil lubricated condition, but under the dry sliding,
it increases from a certain number of cycles. Moreover, after
the test duration of 36,000 cycles, the wear rate of composite B was 14× reduced by the adsorbed oil layer on the surface of the specimen, while for the composite A, it was only
2× reduced.
Figure 7 shows the SEM micrographs of the worn surface
of the composite A and the OM observations of the steel
counterface under dry- and oil-lubricated sliding conditions.
It was found that after 36,000 cycles of sliding under the oillubricated condition, the worn surface of the composite and
the steel counterface were characterized by smooth surfaces
and the presence of debris on both wear tracks of the composite and the steel ball (ﬁgure 7a and c). Contrary to the above,
a running ﬁlm with micro-cracks and presence of ﬂakes was
shown on the wear track of the composite under the dry
sliding (ﬁgure 7b). While multiple grooves, in parallel with
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Figure 7. SEM micrographs of the worn surface of the composite A and optical micrographs of the
steel counterface after 36,000 cycles: (a) composite and (c) steel, under oil lubrication; (b) composite
and (d) steel, under dry sliding.

Figure 8. SEM micrographs of the worn surface of the composite B and optical micrographs of the
steel counterface after 36,000 cycles: (a) composite and (c) steel, under oil lubrication; (b) composite
and (d) steel, under dry sliding.

1209

1210

M Trabelsi et al

Figure 9. SEM micrographs of the worn surfaces of the composites and optical micrographs of the
steel counterfaces after 79,200 cycles of sliding under oil lubrication: (a) composite B and (c) steel;
(b) composite A and (d) steel.

the sliding direction, were observed on the steel counterface
(ﬁgure 7d). The abrasive wear mechanism on the latter was
due to the hard particles, which were produced during the dry
sliding. In fact, authors found that during the wear process,
the MoS2 became MoO3 under the effects of the both thermal
and compressive or shear stresses [22,23]. However, under
the lubricated condition, the lubrication and cooling effects
of the oil ﬁlm avoided the oxidation of the ﬁllers, in particular, the chemical transformation of the MoS2 to MoO3 , and
inhibited the gross destruction of the PTFE, while the heat
generated at the contact was abated. Consequently, friction
and wear behaviours of the composite were improved under
the lubricated condition.
Figure 8 shows the SEM micrographs of the worn surface of the composite B and the OM observations of the
steel counterface under dry- and oil-lubricated sliding conditions. Also, it was found that after 36,000 cycles of sliding
under oil lubrication, the worn surface of the composite and
the steel counterface were characterized by smooth surfaces
(ﬁgure 8a and c). While under the dry condition, the worn
surface was characterized by the presence of ‘third body’
particles. These particles came from the destruction of
the transfer ﬁlm already observed on the steel counterface
(ﬁgure 8d) by the hard wear debris. Thus, the oil lubrication
limited the transfer of the composite on the steel counterface.
Consequently, the wear of the composite decreased signiﬁcantly. Moreover, for the same reasons previously quoted for
the composite A, the friction behaviour of the composite B
was improved.

Figure 9 shows the SEM micrographs of the worn surfaces of the composites and the OM observations of the steel
counterfaces under the oil lubricated condition after 79,200
cycles. It was shown that the amount of the ﬁllers at the surface of the wear track increased for composites A and B.
Moreover, bronze particles underwent either a plastic deformation or wear under the shear and compressive stresses,
while their shape was straight out ﬂat (ﬁgure 9a and b). On
the other hand, the presence of a slight transfer ﬁlm on the
steel counterface of the composite B was noticed, but the
steel counterface of the composite A was smooth (ﬁgure 9c
and d). So, the transfer of the composite was greatly reduced
by lubrication, but it still occurred as it had been reported
elsewhere [11]. This behaviour contributed to the decrease in
the friction coefﬁcient and the wear of the composite.
4.

Conclusions

Tribological study was investigated on the composite A
(PTFE + bronze + MoS2 ) and the composite B (PTFE +
bronze) using a linear reciprocating tribometer under dry and
lubricated conditions. A summary of the major ﬁndings is as
follows:
(1) The friction coefﬁcients of the composites under the
lubricated condition were more than three times less
than those under dry sliding. Moreover, under the dry
condition, friction coefﬁcient of the composite A undergoes a sharp increase after 20,000 cycles. It was seen
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(2)

(3)

(4)

(5)

that the friction behaviours of the composites was
greatly improved by lubrication.
The wear rate of the composite B was signiﬁcantly
improved by lubrication. It was reduced after the test
duration of 36,000 cycles by more than one decade.
As for the composite A, the wear rate was just twice
reduced for the same test duration. Thus, lubrication
can play an appreciable reduction effect on the wear
of the composite, when there is insufﬁcient amount
of ﬁllers.
PTFE composites are characterized by smooth worn
surface under oil lubricated sliding and the gross
destruction of the PTFE was greatly avoided by the
cooling effect of the oil lubricant. While, under dry sliding, it was seen an abrasive wear on the steel counterface of the composite A and a thick transfer ﬁlm on the
steel counterface of the composite B.
The transfer of the composite onto the steel counterface
was greatly reduced by oil lubricated condition, but it
still takes place in particular at the absence of the solid
lubricant as the MoS2 which restrains the transferring
of the PTFE to the steel counterface.
The results of this tribological study showed the impact
of oil lubrication on the durability of both composites A and B used as guide rings for hydraulic
actuating cylinder.
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