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Abstract

Pristine single-walled carbon nanotubes (CNTs) were ‘dispersed in the room-
temperature ionic liquid (IL) 1l-octyl, 3-methylimidazolium  tetrafluoroborate
([OMIM]BE,) by grinding and ultrasounds. Excess IL. was removed to obtain single-
walled carbon nanotubes modified by [OMIM]BF; (mCNTs). mCNTs were added in a
1wt.% to polystyrene (PS), polymethylmethacrylate (PMMA) and polycarbonate (PC)
to obtain PS+mCNT, PMMA+mCNT and PC+mCNT. The dry tribological
performance of the new nanocomposites was studied against AISI 316L stainless steel
pins and compared with that of the neat polymers and with the nanocomposites
containing pristine carbon nanotubes without IL (PS+CNT; PMMA+CNT and
PC+CNT). The maximum wear rate and friction coefficient reduction is obtained for
PS+mCNT. Results are discussed upon the basis of optical, SEM and TEM microscopy,
thermogravimetric analysis (TGA), Raman spectroscopy, X-ray diffraction (XRD) and

X-ray photoelectron spectroscopy (XPS).

Keywords: A. Polymers; A. lonic liquids; A. Carbon nanotubes; A. Nanocomposites;

B. Friction/wear.



1. Introduction

Tribology of polymers and polymer-matrix composites is increasingly relevant due to
their growing applications in sliding parts, as surface finishing materials and in self-
lubricating components [1]. Most applications require dry conditions to avoid polymer
degradation and contamination by oils or greases, and to reduce maintenance. There
exists a growing interest in the development of polymer nanocomposites with enhanced
tribological performance [2-7].

From the first report [8], nanotube-polymer composites have been intensively studied
[9-12]. Most studies are referred to their electrical and mechanical properties [13].
Chemical functionalization usually improves the dispersion and interactions with the
matrix and increases mechanical resistance [14, 15]. Studies on the tribological
behaviour of carbon nanotubes-reinforced composites are still relatively scarce [16-20]
and, in many cases, have led to contradictory results [21]. Some studies have found that
the addition of carbon nanotubes to polymer matrices reduces the friction coefficient
and wear rate of the polymer, but others showed that the composites tribological
performance was notimproved by the use of carbon nanotube additives. Room
temperature ionic liquids have shown promising lubricating performance for metals and
ceramic materials under severe conditions [22-26]. The combination of ionic liquids and
nanophases has given rise to new nanofluids with promising applications [27]. In
particular, the ability of ionic liquids to disperse and chemically modify carbon
nanotubes has raised great interest [28-31]. Imidazolium ion-based room-temperature
ILs grounded with pristine single-walled carbon nanotubes (CNTs) form gels by
physical cross-linking of the nanotube bundles, mediated by local molecular ordering of
the ionic liquids. The overall organization of ionic liquids is not remarkably altered by

single-walled carbon nanotubes. However, ionic liquids disperse the CNTs by shielding



the stacking interaction among them. The ionic liquids interact with CNTs through
weak van der Waals interaction without influence on their electronic structure and
properties [28-31].

Multi-walled carbon nanotubes chemically modified by an ionic liquid have been
recently used as additives of ionic liquid lubricants in steel-steel contact [32, 33]. In
recent studies, we have shown that it is possible to improve the tribological performance
of thermoplastics [34-39] and of epoxy resin [40] against steel by preparing new
dispersions containing variable concentrations of ILs or IL-modified ZnO nanoparticles.
We have recently described [41] that single-walled carbon nanotubes (CNTs) dispersed
in 1-octyl, 3-methylimidazolium chloride ((OMIM]CI) can be used as external lubricant
of PC/stainless steel contact. However, as many applications require dry sliding, in the
present work new polystyrene (PS), polymethylmethacrylate (PMMA) and
polycarbonate (PC) nanocomposites have been obtained by adding IL-modified single-
walled carbon nanotubes to the polymer matrices.

The IL selected was 1-octyl, 3s-methylimidazolium tetrafluoroborate ((OMIM]BF,) due
to its good performance as metal-metal lubricant [22-26] and as lubricant or additive of
epoxy resin nanocomposites [39]. The main purpose of the present study is to determine
the influence of IL on the dry friction and wear of polymer nanocomposites containing
single-walled carbon nanotubes.

2. Experimental

Single-walled carbon nanotubes (CNTs) (1-2 nm diameter; 5-30 um length) (NanoAmor
Inc.) obtained by the catalytic Chemical Vapour Deposition method, with >90% content
in single-walled carbon nanotubes (96,30% C; 0,08% Al; 0,41% Cl; 2.91% Co; 0.29%
S), were used as-received. 1-octyl, 3-methylimidazolium tetrafluoroborate [OMIM]BF,

(Fluka, Germany) with >98% purity was used as received. CNTs were mixed with the



IL [OMIM]BF; in a 0.5wt.% proportion, grinded in an agate mortar for about 5-10
minutes and ultrasonicated for 30 minutes in an ultrasonic bath, following a procedure
similar to that first described by Fukushima et al. [28]. To obtain IL-modified single-
walled carbon nanotubes (mCNT), excess IL was removed and the residue was washed
with acetonitrile and dried in an oven under vacuum at 70°C during 24 hours. The
thermoplastics used were polymethylmethacrylate (PMMA) (Buehler), polystyrene (PS)
(Aldrich) and polycarbonate (PC) (LS2, Sabic Innovative Plastics). The nanocomposites
were obtained by milling the polymers with a 1wt.% proportion of CNT or mCNT in an
Retsch ZM200 ultracentrifugal mill at 18,000 rpm. The powders were then compression
moulded in a Hitech Europe EP15 press (0.4 MPa at 175°C for PS and PMMA; 0.5 MPa
at 200°C for PC). A Differential scanning calorimeter (DSC) 822e (Mettler-Toledo) was
used to determine glass transition temperatures (T,). 15 mg samples were heated under
an inert N, atmosphere (50 ml/min), at a heating rate of 10°C/min. Decomposition
temperatures (T,) were determined in air with a Shimadzu thermogravimetric analyzer
(TGA)-50 equipment (20°C/min; N,, 40 ml/min). Raman spectra were collected using a
Nicolet Almega XR Raman spectrometer from Thermo Electron, equipped with an
Olympus microscope and a motorized stage for higher accuracy. A laser of 780 nm at
100% of power and 50 um of aperture was used. Raman maps were recorded along a
line of 250 pm, in the range between 150 and 2800 cm™, where each spectrum was
collected every 5 um, with a total of 50 spectra.

Pin-on-disc tests were carried out in a Microtest tribometer using polymer discs
(diameter 40 mm; thickness 4 mm) against AISI 316L stainless steel pins with a 0.8 mm
tip sphere radius, with a hardness of 210 HV. Normal applied load was 0.49 N (mean
contact pressure 0.07 GPa), sliding velocity 0.10 ms™, sliding distance 500 m and

sliding radius 9 mm. At least three tests, with standard deviations lower than 5%, were



performed under the same experimental conditions for each material. Wear tracks were
observed by optical microscopy (Leica DMRX) and image analysis (OPTIMAS 6.2).
SEM images were obtained using a Hitachi S3500N. The samples were gold coated
with a SC7640 Sputter Coater before observation. Transmission electron microscopy
(TEM) micrographs were obtained with a high resolution JEOL JEM 2100. X-ray
photoelectron (XPS) spectra were obtained using a VG-Microtech Multilab 3000. The
binding energies were referenced to the C 1s peak (284.6 eV) used as internal standard.
The precision in the binding energy is estimated to be + 0.1. X-ray diffraction patterns
were recorded in a Bruker D-8 Advance diffractometer using a wavelength of 1.542A
from Cu-Ka, with an angular speed of 120 s/degree at room temperature.

3. Results and discussion

3.1. TEM microscopy

Pristine single-walled carbon nanotubes (CNTs) (figure 1a) contain a mixture of carbon
nanostructures, bundles, catalystresidues and other impurities as can be seen in the
TEM micrograph (figure la) and by the chemical analysis (see Experimental). mCNT
show a similar morphology (figure 1b) to that of pristine CNT, although treatment with
[OMIM]BF; affords some nanotube disentanglement. Figures 1c-1e show TEM
micrographs of mCNT in the polymer matrices. Some individual mCNT can be
observed within the matrix of PS (figure 1c), but also some zones free from mCNT.
The compression moulding processing used to prepare the nanocomposites give no
preferential orientation of the nanotubes within the polymer matrices.

3.2. Thermal properties

Pristine CNT show a weight loss of a 7% at 800°C, while neat IL presents an onset

temperature for thermal degradation of 427°C.



An estimation of the IL proportion present in dry mCNT has been made from TGA
results, which presents an onset temperature for thermal degradation at 364.8°C, with a
total weight loss of 52.4% from room temperature to 600°C. This weight loss should
correspond to the IL content in mCNT, together with some water and other impurities,
present either in the IL or in the CNT.

Table 1 shows glass transition temperatures (T,) and degradation temperatures (Ty) for
neat polymers, and nanocomposites. The influence of the additives on the thermal
properties of the nanocomposites is different for each material. T, values for PS and PS
nanocomposites are very similar, while degradation temperatures are increased by the
addition of CNT or mCNT. The higher thermal stability of PS+mCNT could increase
the tribological performance of this nanocomposite. In the case of PMMA, the thermal
stability of the nanocomposites is lower than that of the neat polymer, while T, values
increase. The most significant T, increase (+5.4°C) takes place when mCNTs are added.
Only PC shows a reduction both-of Tg and T4 with the addition of CNTs and a further
reduction of the thermal stability with the addition of mCNTs.

3.3. Raman spectroscopy

Both pristine CNTs and IL-modified nanotubes (mCNT) show the characteristic G band
at 1584cm’, assigned to the in-plane vibrations of the graphitic wall, and D band at
1303cm ™ originating from disorder in the graphitic structure. The D/G intensity ratio is
used as an indicator of the degree of crystallinity and purity of the carbon nanotubes
[42]. When both bands have similar intensity, it is indicative of a high proportion of
structural defects. A lower D/G intensity ratio indicates a higher crystallinity. The D/G
intensity ratios for CNT, mCNT and for the three polymer+mCNT nanocomposites are
compared in table 2. mCNT shows a 7% decrease in the D/G intensity ratio with respect

to pristine CNT. This would be in agreement with the surface modification of CNT



surface by the IL molecules. A further decrease in the D/G intensity ratio is observed
when mCNT are added to polymer matrices. At the same time, the interaction with
polymer matrices produces a displacement of the D and G band Raman shift of the
nanocomposites to higher wavenumbers with respect to CNT and mCNT. Figures 2a, 3a
and 4a show the 250 um lines along the cross sections of PS+mCNT, PMMA+mCNT
and PC+mCNT, respectively. The scan-line Raman maps are shown in figures2b, 3b
and 4b, and the variations of the intensities of the G and D bands along the line are
shown in figures 2c, 3c and 4c. PS and PMMA show a more uniform dispersion of
mCNT (figures 2a and 3a, respectively) than PC (figure 4a). The intensities of the D and
G bands are also more uniform along the scan line for PS (figure 2c) and PMMA (figure
3c) than for PC (figure 4¢). This confirms that, under the experimental conditions

described here, a less uniform dispersion has been obtained in the case of PC.

3.4. XRD

Figure 5 shows the XRD patterns obtained for neat [OMIM]BF; (figure 5a), for as-
received single-walled carbon nanotubes (CNT) (figure 5b) and after treatment with
[OMIM]BF, (mCNT; figure 5c). The neat IL shows a broad intense diffraction peak at
26 = 20.34°, corresponding to a d spacing of 4.38 A, in accordance with an arrangement
of molecules IL in the liquid state. CNT (figure 5b) show a characteristic peak at 20 =
25.75°, with a spacing of 3.47 A, corresponding to graphite layers. The main diffraction
peak observed for mCNT (figure 5c), assigned to the IL-modified carbon nanotubes
appears at 3.53 A, but lower intensity peaks are also observed at 4.71, 5.28, 6.33 and
8.26 A, which could correspond to IL molecules stacked on the nanotubes surface, as
previously described [23, 24].

3.5. XPS analysis



The surface modification of the carbon nanotubes by the IL has been confirmed by the
shift of the C 1s binding energies from 284.2 and 285.6 eV in pristine CNTs
(corresponding to sp2 C=C and sp3 C-C), to 284.4 and 286.1 eV in mCNT, and by the
presence of a peak at a binding energy of 402.1 eV, corresponding to N 1s in the XPS
spectrum of mCNT. Fl1s and B1s binding energies due to the BF4 anion were too weak
to be assigned.

3.6. Tribological performance and wear mechanisms

In agreement with previous results on friction coefficients of polymer-steel contacts
under severe sliding conditions, friction coefficients against AISI 316L pins (table 3)
are very high, with values around 1, both for neat polymers and polymers+mCNTs.
Addition of the IL-modified nanotubes only decrease significantly (in a 19%) the
friction coefficient in the case of PS, which is the polymer that also shows a higher wear
decrease (figure 6a), with reduction of wear debris in the polymer-steel interface (figure
7).

Specific wear rates (figure 6a) for all dispersions are lower than those of the base
polymers. In all cases the nanocomposites containing single-walled carbon nanotubes
previously treated with [OMIM]BF, (mCNTs) show the best tribological performance.
The highest wear rate reduction is observed for the brittle polystyrene [6]. Addition of
CNTs reduces the wear rate of PS in a 24%, but the reduction reaches a 74% (with
respect to neat PS) and a 65% (with respect to PS+CNT) when mCNTs are added. The
influence of mCNT reinforcement in PS is shown in figure 6b, which shows the fracture
surface of PS+mCNT, with the presence of carbon nanotube bundles bridging the gap
through the crack opening [4].

A significative reduction is also observed for PMMA+mCNT which presents a wear

rate decrease of a 58% with respect to PMMA+CNT, and a 63% reduction with respect



to neat PMMA. The wear rate of neat PC is reduced by 8% by the addition of CNT and
by 14%, with respect to neat PC, when mCNTs are added (6.4% reduction with respect
to PC+CNT). These results confirm the effective antiwear effect of the IL. Figure 7
compares the wear tracks and wear derbris of PS (figure 7a), PMMA (figure 7c), PC
(figure 7e) and of the nanocomposites (PS+mCNT, figure 7b; PMMA+mCNT, figure
7d; PC+mCNT, figure 7f). The severe wear with massive wear debris removal observed
for neat PS (figure 7a) is substituted for PS+mCNT by a milder wear regime with
formation of a tribolayer on the wear track, and reduction of the quantity and size of
wear debris (figure 7b). PMMA (figure 7c) and PMMA+mCNT (figure 7d) show more
similar wear mechanisms, but in the case of PMMA+mCNT, the damage produced by
the steel pin is limited to the surface layers, thus reducing the wear rate. Only PC (figure
7e) and PC+mCNT (figure 7f) show very similar wear mechanisms, with severe wear
and wear debris removal outside the wear track. The less effective reinforcement
observed for PC nanocomposites with respect to those of PS and PMMA can be
attributed to a less uniform dispersion of the additive in the PC matrix as we have seen

in the Raman spectroscopy study.

4. Conclusions

New PS, PMMA and PC nanocomposites containing single-walled carbon nanotubes
modified by the ionic liquid [OMIM]BEF, (mCNTs) have been obtained and their
tribological behaviour compared with that of neat polymers and nanocomposites
containing pristine single-walled carbon nanotubes (CNTs). The most significant
friction coefficient reduction is observed in the case of PS+mCNT. Wear rates are
reduced in all cases, with the maximum reduction found for polymer+mCNT

nanocopmsites. The best tribological performance is found for PS+mCNT and



PMMA+mCNT, with a wear rate reduction with respect to the neat polymers of 74%
and 63%, and of a 65% and 60% with respect to PS+CNT and PMMA+CNT,
respectively. This wear reduction is attributed to the dispersion of the nanotubes in the
polymer matrix, which increases their resistance to crack propagation and fracture, and
to the surface modification of the nanotubes by the ionic liquid, which improves the
lubricating ability of the additive. The less uniform dispersion observed for PC would
be responsible for its poorer performance.
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Table 1. Thermal properties of polymers and nanocomposites

Ta (°C)
Material Tg (°C) (50%

weight loss)
PS 105.7 422.3
PS+CNT 104.8 426. 6
PS+mCNT 105.5 426.4
PMMA 103.0 374.0

PMMA+CNT 104.7 369.0

PMMA+mCNT 108.4 371.8

PC 148.4 509.3

PC+CNT 146.6 503.8

PC+mCNT 145.1 482.3




Table 2. Raman spectroscopy data

Material Raman shift D/G

D band (cm™?) G band intensity ratio

(cm™)

CNT 1299.0 1579.6 0.74
mCNT 1298.8 1577.8 0.69
PS+mCNT 1310.9 1590.4 0.62
PMMA+mCNT 1309.2 1589.0 0.64
PC+mCNT 1308.7 1591.6 0.62




Table 3. Pin-on-disc dry friction coefficients of polymers and nanocomposites

Friction
. coefficient
Material (Standard
deviation)
PS 1.06 (0.035)

PS+1%CNT 0.89 (0.089)
PS+1%mCNT 0.86 (0.042)
PMMA 0.10 (0.013)
PMMA+1%CNT 0.88 (0.071)
PMMA+1%mCNT 1.04 (0.013)
PC 1.19 (0.036)
PC+1%CNT 1.17 (0.082)
PC+1%mCNT 1.15 (0.015)




Figure 1. TEM micrographs: a) CNT; b) mCNT; ¢) PS+mCNT; ) PMMA+mCNT



20 nm

Figure 1. TEM micrographs: e) PC+mCNT
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Figure 2. a) Cross section of PS+mCNT showing the scan-line; b) Scan-line Raman

spectra on PS+mCNT; ¢) D and G band intensities along the line shown in a).
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Figure 3. a) Cross section of PMMA+mCNT showing the scan-line; b) Scan-line

Raman spectra; ¢) D and G band intensities along the line shown in a).
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Figure 4. a) Cross section of PC+mCNT showing the scan-line; b) Scan-line Raman

spectra; ¢) D and G band intensities along the line shown in a).
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Figure 5. X-ray diffractograms: a) [OMIM]BFg; b) CN1; ¢) mCNT
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Figure 6. a) Dry specific wear rates for polymers and nanocomposites; b) SEM

micrograph of the fracture surface of PS+mCNT



b)

2L i
—]




Figure 7. Optical micrographs of the wear tracks after dry pin-on-disc tests:

a) PS; b) PS+mCNT; ¢) PMMA; d) PMMA+mCNT; e) PC; f) PC+mCNT



