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Abstract: Organic montmorillonite (OMMT) reinforced phenolic (PF) nanocomposites with OMMT
contents of 2 and 5 wt% were fabricated by the two-step OMMT intercalation process, resulting in the
further increase of interlayer spacing of OMMT from 2.07 nm to 4.27 nm. Prepared OMMT/PF
composites were found to possess a mix of intercalated and agglomerated clay structures via X-ray
diffraction (XRD) analysis and transmission electron microscopy (TEM). TG-DTG and DSC results
revealed that the thermal stability of PF matrices was enhanced by the incorporation of OMMT. With
OMMT/PF nanocomposites as hybrid matrices, fabric self-lubricating liners were prepared to evaluate
their tribological properties. Effects of OMMT on friction coefficient, wear loss and wear morphology
of fabric self-lubricating liner, based on OMMT/PF nanocomposites, were studied via long-term
friction and wear tests. Tribological properties of liners with different OMMT contents were
investigated by imitating high velocity/light load condition. The addition of OMMT appears to enhance
the friction and wear properties of fabric self-lubricating liner and the preferable addition content of the
OMMT is around 2 wt%.

Keywords: Organic montmorillonite (OMMT), intercalation, fabric self-lubricating liner, tribological
property

1. Introduction

The fabric self-lubricating liner is a kind of woven polymer composites, which are widely used in
numerous industrial fields, such as self-lubricating spherical plain bearings, journal bearings and
aerospace [1-3]. As a solid lubrication material, the fabric self-lubricating liner is characterized by low
friction, high mechanical strength and impact resistance, good designability and cost-effectiveness.
These excellent engineering and economic merits promote the fabric self-lubricating liner as a leading
approach of solid lubrication, especially in aerospace applications. However, the rapid development of
the aviation and space industries requires much harsher service environment for self-lubricating
components. Therefore, the improvement for tribological properties of the fabric self-lubricating liner,
when directly associated with the service life of self-lubricating components, becomes an urgent issue.
Owing to the weave structure, varying weave parameters have been proven to be an efficient approach
to enhance tribological and mechanical properties of fabric self-lubricating liner [4-5].

Nanotechnology offers a novel route to fabricate new materials with excellent mechanical, thermal,
electrodynamic and tribological properties, etc [6-8]. This has been drawn the great attention for over a
decade. The combination of well dispersed nanofillers/nanomaterials and polymers gives birth of a new
hybrid material—polymer nanocomposites, which have provided increasing applications in different
fields [9-13]. Nanotechnology has been inevitably employed in tribological modifications of various
polymers or polymer composites. This effort started with dispersing nanofillers into polymer matrices
[14-17] with some good progress. Wetzel et.al [14] found that 1-2 vol% nano Al,O; efficiently
improved mechanical and tribological properties of epoxy resin. Furthermore, an extra addition of
CaSiO; microparticles produced a synergistic effect, which further enhanced the wear resistance and
stiffness of epoxy composites [14]. With 20 wt% nano Al,Os wear resistance of the
polytetrafluoroethylene (PTFE) were improved by 600% [17]. However, it was not long before people
found the significant impact of pretreatment and dispersion of nanofillers on improved properties of
polymer composites [18, 19]. Zhang and coworkers [20] studied the tribological performances of epoxy
nanocomposites reinforced with surface-modified nanosilica. Their results indicated a much higher
tribological performance with the enhanced efficiency of surface-treated nanosilica than untreated
counterpart [20]. Recently, fabricated polyimide/modified graphene nanocomposites with strong

filler-matrix interfaces, result in the significant increase of their wear resistance by 20 folds [21].
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Further study [22] on polyimide/graphene oxide nanocomposites also demonstrated much better
tribological properties under seawater-lubricated condition.

However, raw nanofillers are unfavorable for ever-increasing demand in polymer composites.
Surface modifications such as covalent grafting of small segments can be time-consuming and costly
with multi-step treatments. Accordingly, silicate mineral becomes more competitive nanofiller
candidate since they have been successfully incorporated into continuous polymer matrices as
reinforcements/fillers for a very long time [23, 24]. Taking advantage of the broadened interlayer
spacing of well-dispersed silicate minerals, intercalated structure occurs when polymer chains are
penetrated into interlayer areas to form polymer/layered silicate (PLS) nanocomposites. The nanosized
effect and adsorption capacity of silicate lamellas offer excellent mechanical property, flame resistance
and thermal property of PLS nanocomposites [25]. One of typical and widely used silicate minerals is
montmorillonite (MMT) [26-29]. Polyfluoralkyl organophilic layered Na-MMT improved both
mechanical and tribological properties of polydiene urethanes [30, 31]. The natural layered structure of
silicate makes it possess good solid lubrication [32] with the well-studied interaction mechanism [33].
Pre-treatment or modification of silicate is essential to enlarge the interlayer spacing prior to the actual
fabrication of PLS nanocomposites. In general, there are three types of composites to be classified,
which include immiscible microcomposites with the phase separation and no increase of interlayer
spacing, intercalated nanocomposites where polymer molecules are inserted into clay interlayers to
broaden their spacing, as well as exfoliated hanocomposites consisting of individual silicate sheets
uniformly dispersed into continuous polymer matrices [34]. Phenolic resin/MMT nanocomposites were
prepared by the suspension condensation [35] and intercalative polymerization [36]. It was proposed
that the exfoliation-adsorption and in situ condensation mechanism, contributing to the formation [35]
and thermal stability of nanocomposites, was improved owing to the chemical structure of organic
modifiers [36].

In this paper, the Na-MMT was used to undergo two-step intercalation treatment in order to obtain
OMMT/PF nanocomposites, which worked as hybrid matrices to be combined with the woven fabric
for fabricating self-lubricating liner. Several tribological tests were performed to evaluate its
tribological performances. The objective of this research is to extend the service life of products
containing fabric self-lubricating liner by means of improving the tribological properties of liner
composites.

2. Experimental
2.1 Fabrication of OMMT/PF nanocomposites

Ultrasonication method was used to fabricate OMMT/PF nanocomposites. The "cavitation effect"
of ultrasonic waves is able to create a suitable microenvironment for the intercalation treatment [37].
Firstly, OMMT nanoparticles were prepared by organic modification through the ion exchange of NH**
from cetyl trimethyl ammonium bromide (CTAB, purity>99%, Tianjin Kemiou Chemical Reagent Co.,
Ltd., China) for the first-step intercalation treatment. Then OMMT nanoparticles were mixed with PF
to conduct the second-step intercalation treatment to obtain OMMT/PF nanocomposites. Replacement
reaction occurred between the Na" from Na-MMT (average particle diameter =100 nm, ion exchange
capacity IEC=100 mmol/100g, Zhejiang FengHong New Material Co. Ltd., China) and the
[C16H33(CH3)sN]* from CTAB that allows the organic [CisHss(CHs)sN]™ to penetrate into Na-MMT
interlayer areas, and also alter the polarity of Na-MMT. Thus, the interlayer spacing of MMT was
expanded. The reaction schematic equation and the reaction diagram are shown as Eqg. (1) and Fig. 1,
respectively:



Na* — MMT +[C,;H,,(CH,),N]* < MMT —[C,.H.,(CH,),N]" +Na" (1)

Fig. 1 The organic modification of Na-MMT

As for the intercalation treatment of Na-MMT with CTAB, initially Na-MMT (5 g) and deionized
water (200 mL) were mixed in a 500 mL beaker and stirred in high speed for 20 min using a magnetic
stirring apparatus with the heat collection (DF101B, Automize The Instrument Plant On The Earth of
Jintan City, China). 5 g CTAB was then dissolved in deionized water and adequately stirred before
being slowly added to the Na-MMT solution. After mechanically stirred at 80 °C for 6 h and ultrasonic
oscillated for 2 h, the solution was stood until stratification. Subsequently, a vacuum pump was used
for the suction filtration of the solution. Then the solution was washed with deionized water to detach
the superfluous Br-(0.1 mol/ml AgNO; solution was used for titration, until without yellow precipitate).
Finally, vacuum filtrated solid particles were dried at 100 °C for 12 h. After being ground and sieved,
OMMT nparticles were finally obtained. TEM images of Na-MMT and typical exfoliated structure of
the OMMT are shown in Fig. 2.
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Fig. 2 TEM images of a) Na-MMT and b) OMMT
After the first-step intercalation treatment, OMMT nanoparticles were added into PF to conduct
the second-step intercalation treatment. Quantitative PF (Material brand: 204, Shanghai Xinguang
Chemical Co., Ltd., China) in a beaker was heated in water bath at 75°C. Two different contents (2 and
5 wt%) of OMMT were dissolved in absolute ethyl alcohol, stirred and ultrasonic vibrated for 15 min,

respectively. Then the solution was added to PF and stirred for 1h, further followed by the ultrasonic
oscillation at 60 °C for 3 h. Finally, the solution was dried in an oven (DS-2510DTH, Shanghai Boxun
Industry & Commerce Co. Ltd., China) at 110 °C for 2h to obtain OMMT/PF nanocomposites with
different OMMT contents (2 and 5 wt%).
2.2 Tribological tests

The fabric (shown in Fig. 3) was woven using ASL2000 Electronic Sample Loom, and the fabric
parameters are shown in Table 1. Polytetrafluoroethylene (PTFE) fiber and aramid fiber (Kevlar 49) are
commercially obtained from Shanghai Linggiao Environment Protecting Equipment Works Co., Ltd.,
China and DuPont, U.S.A., respectively. The fabric was firstly soaked in acetone for 24 h, boiled in
distilled water for 20 min and dried at 80 °C for 1 h. Then the dried fabric was immersed in a certain
amount of OMMT/PF nanocomposites for 1 h. A glass rod was used to roll out extra OMMT/PF
nanocomposites and bubbles. Finally the soaked fabric was dried at 110 °C for 2 h. Confocal laser
scanning microscopy (CLSM) image of the fabric self-lubricating liner was shown in Fig. 4. When
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ring-on-block tribological tests were performed, the upper specimen was 45# steel ring with inner and
outer diameters of 20 mm and 26 mm, respectively. The lower specimen was the liner, which was
bonded on the surface of the 45# steel substrate. To prepare the lower specimen, the substrate surface
was polished successively using 320# and 600# waterproof abrasive paper and ultrasonically cleaned
with absolute ethyl alcohol. Then the half-cured fabric was bonded on the substrate surface with PF.
After being dried at 180 °C and 0.2 MPa for 2 h, the lower specimen was fabricated.

s i s I = = B

S4800 15.0kV 9.3mm x30 SE(M)

Fig. 3 SEM image of the woven fabric
Table 1 Parameters of the hybrid PTFE/Kevlar fabric

Weave Weft density ~ Warp density  Thickness  Areal density
Parameter Warp Weft

structure (thread/10cm) (thread/10cm) (mm) (g/m?)
Fiber Weaving
. . Kevlar 49  PTFE 209.6 231.6 0.37 280.5
fabric plain

[
320um

Fig. 4 CLSM image of the fabric self-lubricating liner

MMU-5G friction and wear tester (Fig. 5, Jinan SiDa Instruments Co., Ltd., China) was used to
study the tribological properties of the fabric self-lubricating liner. Table 2 shows the experimental
parameters under two different conditions: long-term friction test and high velocity/light load friction
test (according to SAE AS81819 standard). The purpose of the long-term friction test was to study the
variation of the friction coefficient, wear loss and wear morphology of the fabric self-lubricating liner
with OMMT, as well as to evaluate the effect of OMMT on the tribological properties of the fabric
self-lubricating liner. The high velocity/light load friction test can imitate the actual working condition
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of liner-containing parts such as journal bearings or spherical plain bearings. Each experiment was
repeated three times to ensure the reliability and accuracy of the result data.
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Fig. 5 MMU-5G friction and wear tester: 1-drive shaft, 2-upper specimen, 3-fabric liner, 4-substrate, 5- load shaft,
6-thermocouple, 7-lower torque pin, 8-upper torque pin
Table 2 Tribological test parameters

Test condition Load (MPa)  \elocity (r/min)  Test time (h) Temperature
Long-term 2 500 44 Room temperature
High velocity/light load 10 500 6 Room temperature

The friction coefficient can be recorded online by the tester and the wear rate can be calculated by
Eqg. (2). The thickness of each measurement point before friction was obtained utilizing YG141D
thickness tester. To decrease the measurement error, 10 points on each fabric were measured each time
to calculate an average value.

N
w:lz(Hoi —H,) 2)
Nz
where w is the wear loss of the fabric self-lubricating liner, N is the measurement point number

(N=10), H, is the original thickness of the chosen points and H, is the thickness of corresponding

points of the sample after friction.

3. Results and discussion

3.1 Characterization and analysis of the intercalation effect and OMMT/PF nanocomposites
3.1.1 X-ray diffraction (XRD) analysis

Changes of OMMT interlayer spacing can lead to variations of crystal structures, which can be
reflected directly by the position of the (001) crystal plane in the XRD pattern with Eq. (3) based on the
Bragg’s Law:

2dsind=nA (3)
Where d is the interlayer spacing of OMMT (nm), € is the diffraction angle (°), A is the
wavelengths of the X-ray and n is the integer (for (001) crystal plane n=1).

XRD (D/MAX-RB, Japan) patterns of Na-MMT, OMMT, 2 wt% OMMT/PF nanocomposite and 5
wt% OMMT/PF nanocomposite are shown in Fig. 6. The (001) crystal plane of Na-MMT appeared in
the position of 26=5.96°, which is corresponding to dy;= 1.48 nm. However, after the MMT
intercalation, the (001) peak was shifted to a smaller 26 angle of 4.27°. The interlayer spacing of
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OMMT becomes do;= 2.07 nm, which is increased by 0.59 nm.

By replacing the Na™ with the [Ci6Hs3(CHsz)3N]", the first-step intercalation of the Na-MMT with
CTAB expanded the MMT interlayer spacing. Therefore, the PF molecular chains more easily entered
into the OMMT interlayers during the second-step intercalation treatment to further expand the
interlayer spacing of the OMMT. This plays a vital role in the homogeneous and filler dispersion of the
nano Na-MMT in PF.

-(om)

2 wt% OMMT/PE

5 wt% OMMT/PE

Diffraction Intensity

5 10 15 20 25 30
20/°

Fig. 6 XRD patterns of Na-MMT, OMMT, 2 wt% OMMT/PF composite and 5 wt% OMMT/PF composite (The
curves are shifted vertically for clarity)

After the second-step intercalation, the (001) peak for OMMT/PF nanocomposites with OMMT
contents of 2 and 5 wt% appeared at the positions of 26=2.10° and 2.90°, corresponding to the
increased interlayer spacings of 4.27 nm and 3.04 nm, respectively, as opposed to that of OMMT. It is
suggested that a higher level of OMMT intercalated structures are manifested, primarily taking place at
the low OMMT content of 2 wt%. This arises from the penetration of PF molecular chains into the
interlayer areas of OMMT for their spacing expansion.

3.1.2 TEM analysis

The TEM (JEM-2010, Japan) images of OMMT/PF nanocomposite were shown in Fig. 7. Note
that the bright area in the image represents the PF matrix and the dark area indicates the OMMT
agglomerates. In the circled regions, it can be seen that the length of OMMT platelets is approximately
100 nm. They were characterized by scatter, large interval and disordered orientation. Meanwhile, due
to the insufficient shear stress to overcome the Van der Waals interactions among OMMT platelets,
OMMT in the rectangular regions remained agglomerated. The OMMT morphology was consistent
with former researches [35, 36, 38]. These observations further confirmed the morphology of
OMMT/PF nanocomposites can be a quite complex with a mix of intercalated and agglomerated
structures, in good accordance with the aforementioned XRD results.

Fig. 7 TEM images of OMMT/PF composite with (a) 2 wt% OMMT and (b) 5 wt% OMMT



3.1.3 Fourier transform infrared spectroscopy

Fig. 8 shows the FTIR (E55+FRA106) spectrograms of Na-MMT, OMMT, 2 wt% OMMT and 5
wt% OMMT. In the curve of Na-MMT, the peak at 3431 cm™ was assigned to the absorption peak for
the surface hydroxyl (-OH) of MMT. The stretching vibration of Si-O-Si skeleton forms the strong
absorption peak at 1070 cm™. Bands from 400 cm™t0 800 cm™ belong to the inner vibration of Si-O
tetrahedron and AI-O octahedron. The vibrations at 860 cm™ and 520 cm™ were attributed to the
flexural vibrations of Si-O-Al and stretching vibration of Si-O-Al, respectively. Both of them are
typical infrared spectra of silicate. Compared with the FTIR spectrum of the Na-MMT, several distinct
changes were observed in that of OMMT. Absorption peaks at 2851 cm™ and 2920 cm™ were created,
which were in accordance with the unsymmetrical stretching vibration and symmetrical stretching
vibration of -CHj respectively. Furthermore, the flexural vibration of -CH, forms the infrared peak at
1493 cm™. These results indicate that organic macromolecular chains of CTAB penetrated into the
silicate interlayer areas of the Na-MMT.

Na-MMT
1
OMMT !
1
|
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Fig. 8 FTIR spectrograms of Na-MMT, OMMT, 2 wt% OMMT and 5 wt% OMMT (The curves were shifted
vertically for clarity)

As shown in the FTIR spectrograms of OMMT/PF nanocomposites with different OMMT
contents in Fig. 8, the peak at 3344 cm™ was created by the phenolic hydroxyl (-OH) stretching
vibration of pure PF. Peaks at 1595 cm™, 1095 cm™ and 1050 cm™ were attributed to the C-H stretching
vibration in the benzene ring of PF, the stretching vibration of methylene ether linkage (-CH,-O-CH,-)
and characteristic absorption spectrum of stretching vibration of methylol, respectively. The vibration
peak at 1234 cm™ was caused by the C-O stretching vibration of the phenolic hydroxyl group. Chemical
reactions between PF and hydroxyl group of OMMT might occur [37] with modified surface property
of OMMT. Absorption peaks at 2852 cm™ and 2920 cm™, corresponding to the unsymmetrical
stretching vibration and symmetrical stretching vibration of -CH; for OMMT/PF nanocomposites with
2 wt% OMMT, become stronger and sharper than those of counterparts with 5 wt% OMMT.

3.1.4 Differential scanning calorimetry-thermogravimetry

The TG (NETZSCH, Germany) and derivative thermogravimetry (DTG) curves of pure PF and
OMMT/PF nanocomposites at OMMT contents of 2 and 5 wt% are shown in Fig. 9. Comparing TG
curves of three samples, when the temperature was below 260 °C, the weight loss of all the samples
was very low, which can be attributed to the loss of residual water in the material and further
condensation of PF matrices. From the DTG curves of this stage the maximum degradation temperature
(Tmax) Of both OMMT/PF nanocomposites shifted toward higher temperature (shown with arrow) with
the lowered degradation rate. Moreover, the decomposition temperatures (Ty, temperature at 10%
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weight loss) of PF, 2 wt% OMMT/PF nanocomposite and 5 wt% OMMT/PF nanocomposite were
145°C, 179 °C and 241°C, respectively. Clearly the thermal stability of the PF was enhanced by the
incorporation of the OMMT, which was ascribed to the mass transport barrier role of MMT to the
volatile product generated during decomposition [39]. The materials suffered from a main weight loss
in the temperature range of 280--670°C. During this stage, the oxidation of terminal hydroxyl and the
pyrolysis of the free radical lead to the production of small molecular products such as CH,, CO, CO,,
CH,0, C¢Hs and phenol [40]. However, both OMMT/PF nanocomposites decomposed at a lower
temperature than pure PF. This might be caused by the surfactant exchange of the Na-MMT with
CTAB. Generally, CTAB can be decomposed at relatively low temperature [41] and accelerate the
degradation of PF matrices as a catalyst [39].

a: PF
—b: 2 wt% OMMT/PF
,,,,,,,,,, b c: 5 wt% OMMT/PF
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ZfIJO ’ 460 ' Gil)O r 800
Temperature/C
Fig. 9 TG and DTG curves of (a) pure PF; (b) 2 wt% OMMT/PF nanocomposite and (c) 5 wt% OMMT/PF
nanocomposite (DTG curves were shifted vertically for clarity)

For DSC curves shown in Fig. 10, obvious endothermic peaks of all samples were observed
between 400 and 650 °C. This was induced by the energy absorption that supports the segmental
motion of polymer molecular chains. Between 400 and 550 °C, endothermic peaks of both OMMT/PF
nanocomposites were dense and intensive, which was caused by the overlap of the synchronous
dehydroxylation decalescence of the OMMT and PF [39]. Moreover, temperatures of maximum
endothermic peaks for all materials were 587°C (PF), 580°C (2 wt% OMMT/PF composite) and 614°C
(5 wt% OMMT/PF composite), respectively. It can be evident that the thermal stability of intercalated
OMMT/PF nanocomposites was better than that of pure PF.

£X0 Heat flow/(mW/mg)

a: PF
— b: 2 wt% OMMT/PF
c: 5 wt% OMMT/PF

T T
200 400 600 800
Temperature/C

Fig. 10 DSC curve of (a) pure PF; (b) 2 wt% OMMT/PF nanocomposite and (c) 5 wt% OMMT/PF nanocomposite

(curves were shifted vertically for clarity)



3.2 Long-term friction test
3.2.1 Friction and wear

The average friction coefficient variations of different fabric self-lubricating liners and the friction
coefficient curves during 0-4 h (Fig. 11a) and 10-14 h (Fig. 11b) for the fabric self-lubricating liner
with OMMT contents of 2 wt% are shown in Fig. 11. Friction coefficients of all liners are basically at
the same level at the early friction stage. As the friction time is over 28 h, the average friction
coefficients of the liners are apparently kept separate: liner with OMMT contents of 2 wt% shows the
lowest friction coefficient while liner with OMMT content of 5 wt% exhibits the highest friction
coefficient. Note that the friction tests were interrupted periodically for analysis. After interruptions, the
lower specimen was cooled in air and removed from the tester to measure the wear loss and to
investigate wear morphologies. Interruption internals were changed from 2 h in the early friction stage
to 4 h in the later friction stage as the friction time increased. In fact, such interruption impacts the
friction property of the friction pair [42]. As shown in Figs. 11a and b, after interruption (2 h, 10 h and
12 h), the friction coefficient of the fabric liner appears to go through a re-running-in period. However,
such re-running-in period was shorter and steadier than the initial running-in period (see friction
coefficient curve of 0-2 h in Fig. 11a). After re-running-in period, the friction coefficient immediately
turned into a steady state and was kept at the similar level to the former friction stage. In general, the
addition of proper OMMT content to the liner improves the antifriction property (low friction
coefficient) of the fabric self-lubricating liner. However, the particle aggregation occurs in the case of
high additive content [43], which is detrimental for the antifriction property of the fabric
self-lubricating liner, as is the case of liner with 5 wt% OMMT.
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Fig. 11 Average friction coefficient of different fabric self-lubricating liner under long-term friction

Fig. 12 showed the wear losses of three kinds of fabric self-lubricating liners. As observed in Fig.
12, the wear process of both pure liner and liner with 5 wt% OMMT was basically split into two stages
through the experimental friction time: violent wear with rapid wear (0-8h) and mild wear with slight
and steady wear (8-44 h). However, wear loss curves of liner with 2 wt% OMMT seemed to present a
monotone increasing trend through the experimental time, without any transition. At early wear stage
(0-8h), wear losses of both pure liner and liner with 5 wt% OMMT suffered from a rapid consumption
but the wear loss of the liner with 2 wt% OMMT was lower than that of the others. Hereafter, the wear
loss level was distinct in subsequent wear. The liner with 2 wt% OMMT shows the best wear resistance
(lowest wear loss), followed by the liner with 5 wt% OMMT and pure liner. As the test finished after
44 h, wear losses of the pure liner, liners with 2 wt% and 5 wt% OMMT were 0.233 mm, 0.132 mm
and 0.170 mm, respectively. Compared with the pure liner, wear loss of the liners with 2 wt% and 5
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wt% OMMT were decreased by 42% and 27%, respectively. Overall, the appropriate addition of
OMMT improves the wear resistance of fabric self-lubricating liner, particularly at the OMMT content
of 2 wt%.
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Fig. 12 Wear losses of different fabric self-lubricating liners under long-term friction

3.2.2 Wear morphology

CLSM wear morphologies of self-lubricating liners are shown in Fig. 13. In the running-in period
(violent wear stage), the liner directly contacts with the steel counterpart, and the geometric
characterization (surface apophasis) of both the liner and the counterpart significantly lowers the actual
contact area, leading to the high pressure in the contact points and unstable tribological properties.
Accompanied with the unstable friction and wear, a part of fabric material was pressed under plastic
deformation, some PF matrices were separated from the fabric along with microcutting, pulling out and
fracture of the fibers. Surface material of the liner was rapidly consumed and the fabric material
(Kevlar and PTFE fibers) started to participate in friction. As shown in the corresponding images of
lines a and b in Fig.15, wear debris stored in dents of the liner (circled areas in images a-a and b-a of
Fig. 13) and the pure liner and liner with OMMT content of 2 wt% show smoother worn surface and
lower wear than liner with OMMT content of 5 wt%. As proceeding of the friction test, gathered
friction heat results in the softening of liner surface fibers. Under shear stress, the surface fibers were
further pressed, microcut and crushed into fragments consisting of OMMT/PF nanocomposite pieces,
as well as PTFE and Kevlar debris. The part of the fragments was re-pressed on the liner surface, and
some were adhered on the counterpart surface to form transfer film. As shown in line ¢ of Fig. 13, the
surface fibers were visibly pressed to deform and covered most of the friction area, especially for the
liner with 5 wt% OMMT shown in image c-y of Fig. 13. On the one hand, the transfer film lowered the
roughness of the friction pair; on the other hand, it blocked the direct contact of the liner and its
counterpart, which converted the friction pattern to transfer film--surface material of the liner. The
transfer film on the counterpart surface was continuously removed and resupplied. This repetitive
action last throughout the remaining wear process. As shown in line d of Fig. 13, the difference of wear
morphology for the liners was much more evident. Weave structure of the worn surface for the pure
liner was barely recognized, but the lubricating layer was visible (image d-a in Fig. 13). Differently,
surface fibers of the liner with 2 wt% OMMT was fully pressed to spread out the friction surface and
the weave structure was clearly observed as shown in image d-B in Fig. 13. Wear grooves also appeared
in sight. For the liner with 5 wt% OMMT, weave structure of the worn surface was reluctantly
recognized, but the wear was severe with obvious and deep wear grooves shown in image d-y of Fig.
13. One phenomenon can be observed from Fig. 13 is that the structural integrity of both liners with
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OMMT was better than that of pure liner. This is attributed to improved mechanical properties of
OMMT/PF nanocomposite [25], leading to the improvement of liner mechanical properties. When the
friction is applied, the better mechanical strength supplies a higher load-capacity and wear resistance
for the liner. Furthermore, the solid lubrication effect of MMT [32] also reduces the shear deformation
in the repetitive friction actions, which protects the surface material from quick removal and decreases
wear rate.

Fig. 13 CLSM wear morphologies of the self-lubricating liners under long-term friction: rows a, p and y indicate
the pure liner and liners with 2 wt% and 5 wt%, respectively; lines of a, b, ¢ and d indicate the worn image at
friction time of 2 h, 6 h, 20 h and 44 h; all images share the same scale

3.3 High velocity/light load friction test

Fig. 14 shows the friction coefficient of different liners under a high velocity/light load condition.
At the early friction stage, friction coefficients of both pure liner and liner with 5 wt% OMMT started
with monotonic decrease until the steady friction is reached. However, the friction coefficient of liner
with 2 wt% OMMT firstly increased to the maximum and then sharply dropped to the same level of
pure liner. After such adjustment, the friction coefficient slowly entered into the steady friction state.
This might be caused by the enhanced capacity of Na-MMT for separating from the polymer matrix
and intensified transfer property to the counterface [30], which favors the quick formation of the
transfer film and steady tribosurface. With a focus on the start time of 600 s, a slight increase in friction
coefficient of both liners with 2 and 5 wt% OMMT was observed, especially for the liner with 2 wt%
OMMT. Comparatively, friction coefficient of pure liner steadily decreased. When the liner was
fabricated with OMMT/PF nanocomposite, the addition of OMMT increased the roughness of the liner.
In the early friction stage (running-in period), the liner started with a high friction coefficient and went
through fluctuations. When the friction coefficient turned into the steady stage, friction coefficient
curves of both pure liner and liner with 5 wt% OMMT were characterized with continuous and violent
fluctuations in relatively high values, particularly for the one with 5 wt% OMMT. However, the friction
coefficient curve of the liner with 2 wt% OMMT was very smooth and maintained at a low level. In the
engineering application, steady friction is very useful for the smooth running and noise/vibration and
breakdown ratio reduction of device parts or equipments. Fig. 15 shows the wear loss of different liner
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at 2 h for the friction time. It is clear that the liner with 2 wt% OMMT exhibits the best wear resistance,
and both liners with OMMT suffer from less wear loss than the pure liner. Moreover, Fig. 16 compares
the wear losses of liner with 2 wt% and 5 wt% OMMT at different friction time. Obvious superiority of
the liner with 2 wt% OMMT is observed, and this superiority is enlarging with friction time. The
layered structure of the OMMT effectively affects the antifriction property of the liner owing to the
decrease of the adhesion and deformation components of the friction force [30]. Besides, the lowered
shear deformation of OMMT/polymer composites decreases friction and/or wear of the liner. However,
at a higher content of OMMT, the interlayer spacing of OMMT decreased and the mobility of polymer
chains was reduced, which hindered the penetration of polymer chains into the interlayer areas of
silicate particles, and thus deteriorated the uniform particle dispersion in polymer matrices.
Consequently, the particle agglomeration was more pronounced [43]. Particle agglomeration increases
the surface roughness and breaks the uniformity of the transfer film and the tribosurface, which in turn
accelerates both friction and wear of the liner.
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Fig. 14 Friction coefficient of different liners under high velocity/light load friction
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Fig. 16 Wear losses of the liner with 2 wt% and 5 wt% OMMT

Wear morphologies of different liners at various friction time are shown in Fig. 17. After 2 h of
friction, severe wear occurred in the pure liner and liner with 5 wt% OMMT while the wear situation of
liner with 2 wt% OMMT was minor. The worn surface of the pure liner was smooth (image a in Fig. 17)
but abrasive wear traces on worn surfaces of both liners with OMMT were obvious (images a-p and y
in Fig. 17), which might be scratched by peeling off OMMT particles. Liner with 2 wi% OMMT
showed better structure integrity with recognizable weave tissues on worn surface, indicating higher
mechanical strength and wear resistance. As the friction continued, wear of all liners appears to be
quite severe. Surface fibers of liner with 2 wt% OMMT were gradually spread out to cover the whole
tribosurface, but the warp and weft tissues were still visible as shown in images b-p and c- in Fig. 17.
The worn surface also became smoother, which was related to the low and steady friction coefficient
and wear rate of the liner. Conversely, it can be observed from images b-y and c-y in Fig. 17 that the
worn surface of liner with 5 wt% OMMT turned uneven with lots of pits and deep abrasive traces. The
lumpy-looking surface was associated with the fluctuant and high friction coefficient and poor wear
resistance of the liner. Overall, the liner with 2 wt% OMMT exhibits the best structure integrity and
smoothest worn surface under high velocity/light load condition, coinciding well with its best
antifriction and antiwear properties.
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Fig. 17 CLSM wear morphologies of the self-lubricating liners under high velocity/light load condition: o
shows the worn surface of pure liner at friction time of 2 h; rows (3 and y indicate liners with 2 wt% and 5 wt%,
respectively; lines of a, b and c indicate the worn image at friction time of 2 h, 4 h and 6 h; all images share the

same scale
4. Conclusion

OMMT/PF nanocomposites were prepared after conducting two-step intercalation treatment.
Taking OMMT/PF nanocomposites into consideration as hybrid matrices, fabric self-lubricating liners
with 2 wt% or 5 wt% OMMT were manufactured to evaluate the tribological properties compared with
pure liner. The following conclusions can be drawn below:

(1) Interlayer spacing of MMT was increased from1.48 nm to 2.07 nm and 4.27 nm after the
two-step intercalation treatment.

(2) XRD and TEM results of OMMT/PF nanocomposites indicate the complex OMMT dispersion
with a mix of intercalated and agglomerated structures. TG-DTG and DSC results show that the
thermal stability of the PF matrices was enhanced by the incorporation of OMMT.

(3) Tribological tests indicate a positive effect (enhanced wear resistance, antifriction property and
better fabric integrity) of proper content of OMMT on the friction and wear of fabric self-lubricating
liner, which is believed to be greatly helpful for the improvement of operation performances and
service life of the fabric self-lubricating liner containing parts or equipment. As suggested, the
preferable addition content of OMMT is around 2 wt%.
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