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The dry reciprocating sliding properties of two weaves, reinforced twill 2/2 (RT) and basket weave 3/3 (BW),
of hybrid PTFE/Kevlar fabric composites were investigated using a pin-on-flat configuration along the
selected orientations of 0°, 30°, 45°, 60° and 90° which were the reciprocating sliding directions of pin
to weft yarn (PTFE). The morphologies of the worn surfaces of the composites were analyzed by means
of Scanning Electron Microscopy (SEM). The PTFE transfer film and F element on the counterface were
observed and analyzed respectively by SEM and Energy Dispersive X-ray Spectroscopy (EDS). The results
showed that the orientations and weaves played an important role in the friction reduction and antiwear
properties of PTFE/Kevlar fabric composites. Contrasting to BW PTFE/Kevlar fabric composites, RT PTFE/
Kevlar fabric composites showed significant advantages in the antiwear performance along all the
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1. Introduction

Fabric reinforced polymer matrix composites are used
frequently in many engineering applications, such as aviation,
automotive and civil engineering by virtue of their good self-
lubricating abilities, light weight, excellent antiwear perfor-
mances, and dimensional stability.* The tribological proper-
ties of fabric reinforced polymer matrix composites are
determined by a number of parameters such as materials
(amount and type of fibers, resins, fillers and so on), textile
structures of fabrics (plain, twill, satin and so on), processing
techniques (curing, bonding, fiber surface treatment and so
on), and working conditions (load, sliding velocity, environ-
ment temperature and so on).* Thus, the friction and wear
mechanisms are extremely complex and influenced by
a numerous factors which occurred in the contact interface of
the friction pair.> For fabric reinforced polymer matrix
composites, the reinforcing fabrics play a crucial role in main-
taining the strength and tribological behaviors. By the integra-
tion of the low friction of PTFE fibers and the high strength and
good wear-resistant of Kevlar fibers, hybrid PTFE/Kevlar fabric
composites have better anti-friction and wear-resistant perfor-
mances and been drawing more attentions of the researchers in
recent years, especially in the bearing applications.
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and adhesive wear of the polymer matrix, and lifted, wrinkled and breakage of the fibers.

In order to develop a good tribo-composite, the tribological
performances of hybrid PTFE/Kevlar fabric composites rein-
forced with different types and scales of particles have already
been investigated.® Yin et al.” filled hybrid PTFE/Kevlar fabric
composites with nano-Siz;N, and submicron WS,, and found
that the wear rate and friction coefficient of 7.5 wt% WS, +
12.5 wt% Si;N, filled hybrid PTFE/Kevlar fabric composites were
much less than those of the unfilled composites. Comparing
with graphite and grapheme,® the antiwear property and load
carrying capacity of the 2 wt% graphene oxide filled hybrid
PTFE/Nomex fabric composite were improved obviously. Zhang
et al.’ studied the sliding wear performances of hybrid PTFE/
Kevlar fabric/phenolic composites filled with TiO, and SiO,
nanoparticles. The results indicated that 5 wt% TiO, nano-
particles were effective in reducing wear of hybrid PTFE/Kevlar
fabric/phenolic composite at elevated temperatures while SiO,
nanoparticles increased wear. In other studies, the bonding
strengths of the fibers and resin interfaces were proved to be
important factors in the antiwear performance of fabric
composites.'’® Various surface treatment methods such as
plasma treatment'** and strong HNO; oxidation™ were applied
to modify the surface of the fibers. Surface modification could
change the surface morphology and reactivity of the fibers. And
a quantity of the functional groups were introduced into the
surfaces of the fibers, which leaded to an improvement in the
bonding strength between the fibers and the resin matrix. Thus
the tribological properties of fabric composites
improved.'*" The effect of textile structures on the tribological
properties of hybrid PTFE/Kevlar fabric/phenolic composites
also have been studied.’®'” Qi et al."® investigated the role of the
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weft densities in the tribological properties of hybrid PTFE/ < PIfERbe> CROmrhED
Kevlar fabric composites. And they found that the broken twill [ Woven
weave with the weft densities range in 300 and 350 roots per PTFE/Kevlar fabric )
10 cm showed the better anti-friction and wear-resistant Dipped in acetone, 12h )
performances. Li et al* reported that the reducing of the ( Boiled in distilled, 20min ) <phenolic resiit=>
weave densities of hybrid PTFE/Kevlar fabric composites could e P e )
reduce the wear rate but increase the friction coefficient. R TaTE
Although the friction coefficients and wear rates of fabric T TR
composites were affected by the fabric orientations relative to [
the sliding directions,”** the significances of the fabric orien- < PTFE/Kevlar fabric composites >
tations in the tribological characteristics of hybrid PTFE/Kevlar Fig. 2 Manufacturing process of hybrid PTFE/Kevlar fabric
fabric composites are not much explored. Hence, in this paper, composites.

an attempt has been made to investigate the dry friction and
wear behaviors and mechanisms of two weaves of hybrid PTFE/
Kevlar fabric composites reciprocating sliding along different
orientations.

2. Experimental

2.1. Materials and specimen preparation

The hybrid PTFE/Kevlar fabrics were weaved out of PTFE fibers
and Kevlar-49 fibers (Du Pont, USA). The warp yarn was Kevlar
and the weft yarn was PTFE. Two types of weaves, reinforced
twill 2/2 (RT) and basket weave 3/3 (BW) were used as
a comparison. Simulations of three dimensional (3D) structures
and plane sketches of the two weaves of PTFE/Kevlar fabrics are
shown in Fig. 1. The properties of the 204 phenolic adhesive
resins (Shanghai Xinguang Chemical Plant, China) are listed in
Table 1.

The manufacturing process of hybrid PTFE/Kevlar fabric
composite is shown in Fig. 2. The hybrid PTFE/Kevlar fabrics
were dipped and cleaned in the acetone for 12 h, boiled 20 min
in the distilled water, and dried in the oven at 80 °C for 1 h.
Then, the hybrid PTFE/Kevlar fabrics were immersed in the

Kevlar = . (b)

Fig.1 Schematics of 3D structures and weaves of PTFE/Kevlar fabrics.
(a) 3D of RT, (b) 3D of BW, (c) RT and (d) BW.

phenolic resin and treated by the ultrasonic oscillation for 3 h. A
glass rod was used to roll on the PTFE/Kevlar fabric and to
ensure that no bubbles were presented on the fabric surface to
make the resin fully and uniformly saturate the fabric. Subse-
quently, the fabric was once again dried in the drying oven at
110 °C for 1 h. A series of test specimens of hybrid PTFE/Kevlar
composites were fabricated by the preparation method. Fig. 3
shows the unwear images of RT and BW hybrid PTFE/Kevlar
fabric composites. The relative mass fractions of the resins to
RT and BD PTFE/Kevlar composites are about 16 + 5% and 17 +
3% respectively. The thicknesses of RT and BD PTFE/Kevlar
composites are 0.37 + 0.02 mm and 0.51 + 0.04 mm
respectively.

2.2 Friction and wear test

The friction and wear behaviors of hybrid PTFE/Kevlar fabric
composites were performed on a pin-on-flat reciprocating
sliding tribometer (CETR UMT Multi-Specimen Test System,
USA) under dry friction and ambient temperature conditions.
Fig. 4(a) shows the schematic of the pin-on-flat configuration. A
cylindrical pin (AISI 304 stainless steel), with the diameter of 3
mm, was used to slid against a square flat (AISI 304 stainless
steel), with the size of 43 mm x 43 mm, on which hybrid PTFE/
Kevlar fabric composite (40 mm x 40 mm) was bonded as the
friction face. The pre-treatment approaches of the pin and flat
were listed as follows. The flat was polished with the 150# and
400# water sandpapers. The pin was polished with the 600#,
800# and 1200# water sandpapers (surface roughness R, is
about 0.15 um). Both the pin and flat were cleaned for 15 min in
the alcohol using an ultrasonic cleaner. Hybrid PTFE/Kevlar
fabric composite was bonded to the surface of the flat with
a small amount of the phenolic adhesive resin. Then, the fabric
composite was cured at 180 °C for 2 h under the contact pres-
sure 0.2 MPa. The pin was kept stationary and hybrid PTFE/
Kevlar fabric composite reciprocated sliding with the flat

Table 1 Physical properties and used conditions of the 204 phenolic resin

Curing Operating Shear Curing Curing
temperature temperature strength pressure time
180 °C —70 to 200 °C =15 MPa 0.2 MPa 2h
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Fig. 3 (a) RT and (b) BW hybrid PTFE/Kevlar fabric composites.

under a prescribed set of working condition. The reciprocating
frequency and stroke length were fixed to 5 Hz and 10 mm,
respectively. The normal load was 8 MPa (56.5 N) and the total
number of reciprocating were 27 000 cycles (sliding distance
540 m). Fig. 4(b) shows the selected orientations of 0°, 30°, 45°,
60° and 90° which are defined as the reciprocating sliding
direction to the weft yarn (PTFE). The reciprocating sliding test
of each orientation was repeated three times to evaluate
statistical repeatability. At the end of each test, the hybrid PTFE/
Kevlar fabric composite was placed on a moving horizontally
platform and the wear depth was measured by a micrometer
(digital display, diameter of the measuring head 1 mm, reso-
lution 0.001 mm) fixed by a fixture with 7 different points of the
reciprocating stroke length. The wear performance was
expressed by the specific wear rate calculated by the following
equation w = AV/(FL), where w is the specific wear rate in m* (N
m) ', AV is the volume loss in m?, F is the applied normal load
in N, L is the total sliding distance in m. The worn surfaces of
the pins and hybrid PTFE/Kevlar fabric composites were
examined by Scanning Electron Microscopy (SEM). In addition,
Energy Dispersive X-ray Spectroscopy (EDS) was used for the
determination of the elemental distribution of the PTFE trans-
fer film on the surface of the pin.

@ L Load

Fig. 4 Schematic of (a) pin-on-flat configuration, (b) orientations of
sliding directions to weft yarn of PTFE/Kevlar fabric composites.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

3. Results and discussion

The representative variations of the friction coefficient as
a function of the sliding time of RT and BW PTFE/Kevlar fabric
composites during the reciprocating sliding test, respectively,
along orientations of 0° and 90° are shown in Fig. 5. In general,
the friction coefficients of RT and BW PTFE/Kevlar fabric
composites along orientations of 0° and 90° achieve a relatively
stable state after a short running-in period. And then the fric-
tion coefficients increase slowly and stably with the sliding
time. Due to the influence of the textile structures (as shown in
Fig. 1 and 4), the distribution of the material components on
the surface under different orientations and along the thickness
direction of RT and BW PTFE/Kevlar fabric composites are
uneven.'””* The contact geometry changes with the wear depth
during the reciprocating sliding. The slow increasing of the
friction coefficients could be caused by the variation of the
material component distribution for the change of the contact
geometry.

The average friction coefficients in the steady-state (calcu-
lated by the average of the last 4400 s) for RT and BW PTFE/
Kevlar fabric composites under different orientations of 0°,
30°, 45°, 60° and 90° are summarized in Fig. 6 as histograms. In
Fig. 6, for RT PTFE/Kevlar fabric composites, the average fric-
tion coefficients are different along different orientations. The
maximum value of the average friction coefficient is about 0.18
appearing in the 0° orientation and the minimum is about 0.15

in the 30° orientation. But for BW PTFE/Kevlar fabric
0241 0.25
0221 0.20 /RT, 0°
5 0.15 g-Bw. 0
2020 : -RT, 90
b= 0.10 “BW, 90°
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o RT.90°
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Fig. 5 Variations of friction coefficient with sliding time for RT and BW
along orientations of 0° and 90° (load 8 MPa, reciprocating frequency
5 Hz).

Friction coefficient

300 45¢
Orientation

Fig. 6 The average friction coefficients of RT and BW PTFE/Kevlar
fabric composites with different orientations.
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Fig.7 (a) SEM image and (b) EDS mapping of F element distribution for
the pin surface after tribo-testing with RT PTFE/Kevlar fabric
composite along the orientation of 30°.

composites, the average friction coefficient along the 45°
orientation is the lowest about 0.15. While there are slight
differences of the average friction coefficients along the orien-
tations of 0°, 30°, 60°, and 90°. In addition, the average friction
coefficients of RT and BW in each orientation are different, but
in fact the differences are not obvious along the orientations of
30°, 45°, 60° and 90° except for that along the orientation of 0°.

Overall, the lowest friction coefficients of both RT and BW
PTFE/Kevlar fabric composites are about 0.15 which are not
ideal results as a kind of self-lubricating materials. The working
conditions and the formation of the transfer film on the pin
surface are considered to be the main reasons. The friction
coefficients of pure PTFE and its composites decrease with the
increase of the load and velocity.>*® When the loads increase
from 5 MPa to 30 MPa (all under 13 Hz), the steady-state friction
coefficients of plain weave PTFE/Kevlar fabric composites were
reduced from 0.10-0.11 to 0.06-0.07.*® The load and frequency
used in this experiment are relatively low comparing with ref.
16. Thus, the friction coefficient is relatively high. In addition,
a uniform and thick PTFE transfer film on the counterface plays
an important role in the reduction of the friction coefficients of
PTFE composites.>”** So the distribution of the PTFE transfer
film on the counterface was analyzed. Fig. 7 and 8 give SEM
micrographs and EDS images of the pin surfaces, respectively,
of RT PTFE/Kevlar fabric composites sliding along the orienta-
tion of 30° and of BW PTFE/Kevlar fabric composites sliding
along the orientation of 45° after the tests. As shown in Fig. 7(b)
and 8(b), the distributions of F element (from PTFE) on the pin
surface are uniform, but the PTFE transfer films are difficult to
be observed from SEM micrographs (Fig. 7(a) and 8(a)), indi-
cating the PTFE transfer films are rare and very thin. This is also

20880 | RSC Adv., 2018, 8, 20877-20883
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Fig.8 (a) SEMimage and (b) EDS mapping of F element distribution for
the pin surface after tribo-testing with BW PTFE/Kevlar fabric
composite along the orientation of 45°.

regarded as the cause for the high friction coefficient of RT and
BW PTFE/Kevlar fabric composites in these tests.

Fig. 9 shows the wear depths and wear rates of RT and BW
PTFE/Kevlar fabric composites with different orientations. As
seen in Fig. 9, the wear rates of RT PTFE/Kevlar fabric
composites along all the orientations are in the range of (1.1-
1.6) x 10" m® (N m)'. RT PTFE/Kevlar fabric composites
show the better wear resistance when sliding along the orien-
tations of 60° and 90° and the worse wear resistance along
0° and 45°. The wear resistance performance of RT PTFE/Kevlar
fabric composite is moderate when sliding along the orienta-
tion of 30°, which is slightly inferior to the orientations of 60°
and 90°. In the case of BW PTFE/Kevlar fabric composites, the
wear rates increase dramatically comparing with RT and are
about 2-2.5 times of RT along each orientation. The lowest wear
rate appears in the orientation of 60° and the highest wear rate
in 90°. It is shown that the wear resistance performances of
PTFE/Kevlar fabric composites are not only influenced by the
orientations but also largely affected by the weaves of fabrics.***
As seen in Fig. 1, for RT, the warp yarns (Kevlar) and weft yarns
(PTFE) are interlaced once every two yarns, but for BW the warp
yarns and weft yarns are interlaced once every three yarns. In
other words, the floatings (defined as the length of the warp or
weft yarn between two adjacent interlaced points) of the warp
yarn and weft yarn of RT are shorter than that of BW. In the
textile, the more of the interlaced points and the shorter of the
floatings for the warp and weft yarns will make the fabric stiff,
flat and wear-resisting. This is considered to be the reason why
the wear-resisting performance of BW PTFE/Kevlar fabric
composite is worse than that of RT. Moreover, no matter for RT
or BW PTFE/Kevlar fabric composites, the variation of the
material component distribution due to the change of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) The wear depths and (b) wear rates of RT and BW PTFE/

Kevlar fabric composites with different orientations.

contact geometry is also considered to be a major factor for the
difference of the wear rates along different orientations. For RT
PTFE/Kevlar fabric composite, as seen in Fig. 1(c), the distri-
bution of PTFE is almost continuous along the orientation of
45° and the proportion of PTFE is also higher, comparing with
other orientations. Thus the friction coefficient along the
orientation of 45° is lower than that along the orientations of 0°,
60° and 90°, and the antiwear performance is worse than that
along the orientations of 30°, 60° and 90°.

SEM images of the worn surfaces of fabric composites were
done to understand the wear mechanisms. Fig. 10 and 11 show
the morphologies of the worn surfaces of RT and BW PTFE/Kevlar
fabric composites, respectively, along different orientations. In
all the images, the sliding direction of the pin is horizontal. It can
be seen that the worn surfaces of RT PTFE/Kevlar fabric
composites along the orientations of 30°, 60° and 90° are quite
smooth. Severe degradation of the resin matrix and fibers'
breakage occurred on the worn surface of RT PTFE/Kevlar fabric
composites along the orientations of 0° and 45°. As shown in
Fig. 10(a) and (c), a small amount of fibers were cut off accom-
panying with the resin matrix being peeled off. And masses of
cracks are observed (also in Fig. 10(d) and (e)) indicating severe
fatigue wear occurred on the worn surface. Fig. 11(a) shows the
worn surface of BW PTFE/Kevlar fabric composite along the
orientation of 0°. It is observed from Fig. 11(a) that bundles of
fibers are exposed on the worn surface and severely damaged.
The most serious damage for BW PTFE/Kevlar fabric composites
occurred on the worn surface that along the orientation of 90°,
which fibers were micro-cut, lifted and wrinkled (as seen in
Fig. 11(e)) corresponding to its poor wear-resistance in Fig. 9(b).
Comparing with the orientations of 0° and 90°, the worn surfaces

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 SEM images of the worn surfaces of RT PTFE/Kevlar fabric
composites along orientations of (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e)
90°.

of BW PTFE/Kevlar fabric composites along the orientations of
30°, 45° and 60° are not severely destroyed. And the irregular
peeling edge of the resin matrix and wear debris (as seen in

RSC Adv., 2018, 8, 20877-20883 | 20881
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Fig. 11 SEM images of the worn surfaces of BW PTFE/Kevlar fabric
composites along orientations of (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e)
90°.

Fig. 11(d) and (e)) indicated that adhesive wear and the extrusion
effect of normal force are also the main damage form of the resin
matrix.
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4. Conclusions

During the dry reciprocating sliding test against 304 stainless
steel pin, the friction coefficients of RT and BW PTFE/Kevlar
fabric composites achieved a relatively stable state after
a short running-in period. The friction coefficients along
different orientations were ranked as, 30° < 45° < 60° = 90° <
0° for RT PTFE/Kevlar fabric composites and 45° < 0° = 30° =
60° = 90° for BW. The lowest friction coefficients of RT and BW
PTFE/Kevlar fabric composites are similar about 0.15, caused by
the rare and thin PTFE transfer film on the counterface. The
order of the wear rates along different orientations are listed as
follows, 60° = 90° < 30° < 45° < 0° for RT PTFE/Kevlar fabric
composite and 60° < 30° < 45° < 0° < 90° for BW. The weave also
has a significant effect on the wear properties of PTFE/Kevlar
fabric composites and the wear rates of BW are about 2-2.5
times to RT along each orientation. The main damage forms of
PTFE/Kevlar fabric composites include fatigue wear and adhe-
sive wear of the polymer matrix, and lifted, wrinkled and
breakage of the fibers.
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