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ABSTRACT: A remarkable synergetic effect between the
graphene oxide (GO) layers and multiwalled carbon nanotubes
(MWCNTs) in improving friction and wear on sliding diamond-
like carbon (DLC) surfaces under high vacuum condition
(107° Pa) and low or high applied load is demonstrated. In tests
with sliding DLC surfaces, ionic liquid solution that contains
small amounts of GO and MWCNTs exhibited the lowest
specific friction coeflicient and wear rate under all of the sliding
conditions. Optical microscope images of the wear scar of a steel
ball showed that GO/MWCNT composites exhibited higher
antiwear capability than individual MWCNTs and GO did.
Transmission electron microscopy images of nanoadditives after
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friction testing showed that MWCNTSs support the GO layers like pillars and prevent assembly between the GO layers. Their
synergistic effect considerably enhances IL-GO/MWCNT composites.
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1. INTRODUCTION

The demand for lubricants and lubrication system in outer
space is different from that for applications on the ground. The
space environment of high vacuum, microgravity, strong
radiation, and extreme temperature warrants new requirements
for lubricants and lubrication systems." Many studies have
revealed the advantages of diamond-like carbon (DLC)
coatings and the unique properties of space liquid lubricants.
A new type of solid—liquid composite coating that consists of
DLC and ionic liquids (ILs) for space applications has been
developed to improve durability and reliability of DLC
coatings. DLC/IL composite coatings exhibit satisfactory
friction performance in simulated space environments.” How-
ever, friction coefficients and wear rates of DLC/IL coatings
under high vacuum conditions remain high, particularly at the
running-in stage. In a comparison with the properties of oil
lubricants, lubricants consisting of additives enhance friction-
reducing and antiwear properties and prevent lubricant
degradation and corrosion in mechanical systems.’”® For
instance, M. Ratoi compared the friction, wear, and micro-
mechanical properties of WS, with zincdialkyldithiophosphate
(ZDDP) and ZDDP-organic friction modifier (OFM)
mixture.” WS, generated tribofilms much faster than ZDDP +
OFM, and these showed a superior ability to decrease the
friction in the boundary regime. Vijaykumar et al. examined the
tribological behavior of copper oxide nanoparticles as additives
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in mineral-based multigrade engine oil.'® The results demon-
strated that nanoparticle additives can effectively improve the
engine oil lubricating properties. They convert sliding friction into
rolling friction, thus reducing the effective friction coefficient. A
similar study was also reported: Exceptionally stable CuO particles
coated with sodium oleate (SOA) were used as a nanoparticle
additive in base oil with no other additives.'" It is observed that
CuO/SOA nanoparticle additives reduce the friction between the
lubricated surfaces in the absence of any other conventional
additives. The effect of nanoparticles is more influential at higher
loads and concentrations. Also, the steady state temperature is also
10 °C lower on average for nanolubricants.

Graphene is pure carbon in the form of a one-atom-thick,
nearly transparent sheet. Given its high load-bearing capacity,
high chemical stability, and weak intermolecular and strong
intramolecular forces, graphene has received considerable
attention in the field of tribology. In particular, graphene
additives markedly improve friction coefficient and antiwear
under boundary lubrication conditions. For example, previous
studies investigated the tribological properties of graphene
layers, which serve as additives to liquid lubricants; their results
showed that graphene layers can decrease the friction
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coefficient and wear under proper conditions. Their antiwear
and reduced friction mechanisms were also discussed, and an in
situ solid film deposition mechanism was proposed.'” Varsha
Khare studied the potential of a graphene—IL hybrid nano-
material for engineering applications with a focus on “lubricant”
properties to reduce frictional forces to enhance friction
performance."® These researchers find that reduction in friction
coeflicient of three lubricant systems occurs via different
mechanisms as predicted by microscopy imaging. One explana-
tion is that graphene layers can separate two contact surfaces.

Graphene is not soluble or dispersible in most solvents
because of its chemical inertness. Graphene oxide (GO) con-
sists of a 2D sheet of covalently bonded carbon atoms that bear
various oxygen functional groups (e.g, hydroxyl, epoxy, and
carbonyl groups) on their basal planes and edges, which confer
GO layers partial hydrophilicity and thus high stability in
aqueous medium."* Uniform dispersion without any agglom-
eration of the GO in the base oil can be obtained by max-
imizing the surface —OH and —COOH introduced during the
GO preparation. A functionalization with long chain com-
pounds (i.e., aliphatic amine to obtain the amide derivative)
enhances dispersion in nonpolar solvents.

However, the large surface area between a few graphene
layers results in large van der Waals forces and strong interac-
tions."® Thus, the performance of graphene-based oil is limited
by the aggregation and stacking of graphene sheets. Graphene
sheets stack on each other and show no effective uniform
coverage on the tribofilm surface; thus, the performance of
graphene sheets significantly suffers. Nanomaterials, particularly
carbon nanotubes (CNTs), can effectively prevent GO or
graphene from restacking and also reinforce their electrical
conductivity, ion diffusion, and electrochemical character.
CNT-GO hybrids have been employed as reinforcing and
functional fillers in polymer composites."®">° Composite
materials filled with CNT-graphene hybrids possess high
electrical conductivities and excellent thermal and mechanical
properties. It was also reported that the performance of
composite additives was better than that of a single additive.
Altavilla et al. reported a new kind of hybrid organic—inorganic
nanocomposite, which consisted of an inorganic core of CNT/
MoS, coaxial nanotubes coated by oleylamine molecules. This
kind of hybrid nanostructure conjugates and enhances, through
a unique synergy, the performances of CNTs and nano-
chalcogenides with an organic coating that promotes the
compatibility in nonpolar matrix (solvent, oil, grease).”!
Introduction of CNT's may effectively prevent GO from restacking
while reducing friction. Material and morphology of nanoparticles
have a crucial effect on both the wear and the coeflicient of
friction, primarily by affecting their macroscopic hardness, as well
as the thickness and the surface coverage of their transfer films.”*
We previously compared the tribological properties of graphene
and multiwalled CNTs (MWCNTs) as oil additives and found
that MWCNTs and graphene layers can effectively improve the
performance of ILs in low and high load conditions, respectively.
In the present study, we integrate GO and MWCNTs into ILs and
prepare DLC/IL/(GO-MWCNT) coatings that exhibit friction-
reducing and wear-resistance properties in high vacuum
conditions. The introduction of MWCNTSs can also effectively
prevent GO from restacking while reducing friction.”®

2. EXPERIMENTAL SECTION

2.1. Materials. The IL I-butyl-3-methylimidazolium tetrafluor-
oborate (purity, 97%) was prepared as previously described.***®
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Powders of multilayer GO were purchased from Nanjing XFNANO
Materials Tech Co., Ltd. MWCNTs were sectioned as previously
described.***’

2.2. Preparation of Nanofluids and Hybrid Films. The
optimum graphene concentration (0.075 mg mL™') obtained by
previous screen test”® was adopted for the additives in the test. The
dispersions were prepared as follows: GO, MWCNTs, and their
mixtures, with different mass ratios of GO to MWCNTs (30:70, 50:50,
and 70:30), were separately dispersed into ILs through ultrasonication
for 2 h to obtain a series of homogeneous and dark suspensions (0.075
mg mL™"). The pure ILs, ILs with GO or MWCNTSs, and ILs with
different mass ratios of GO to MWCNTSs were abbreviated as ILs,
IL-GO, IL-MWCNTs, IL-GO30, IL-GOS0, and IL-GO70, respec-
tively. The resulting nanofluids were coated on DLC films by spinning
at 2000 rpm for 30 s. The thickness of the resulting nanofluid layer was
approximately 0.5 mm. The interaction between the solid DLC film
and the upper liquid film was mainly physical adsorption. Finally,
the hybrid coatings were formed on DLC film for friction experiments
under a high vacuum condition.

2.3. Friction Tests. All friction tests were conducted on the same
self-made rotational ball-on-disk vacuum tribometer in high vacuum
(1075 Pa). Commercially available steel balls (AISI-52100) with a
diameter of 3 mm were used as the counterparts. Sliding experiments
were performed with a normal pressure varying from 10 to 30 N and a
sliding velocity ranging from 0.021 to 0.26 m s~ . Each friction test was
60 min, and the friction coefficient was recorded as the average value
in the steady state.

2.4. Characterization. The GO and MWCNT's were characterized
using high resolution transmission electron microscopy (FEI Tecnai
F300). The ILs, IL-GO, IL-MWCNTs, GO, and MWCNTs were
characterized by using a thermogravimetric analyzer (TGA-7,
PerkinElmer) in flowing N,. The ILs, IL-GO, and IL-MWCNTs
were characterized by using a UV—vis spectrophotometer (HP8453,
Agilent/ HP). The contact angles of the samples were measured with a
Kriiss-DSA100 at room temperature. The wear scar diameters on the
steel balls were measured using an optical microscope (STMS,
Olympus), and the worn surface of the balls after the friction testing
was characterized by Raman spectroscopy (Lab RAM HRS800, with
532 nm laser excitation). The wear depth and wear track profiles after
the friction tests were obtained by a noncontact 3D surface profiler
(model Micro MAXTM, ADE Phase Shift, Tucson, AZ), and the disc
wear rate was calculated from the wear depth. The changes in chemical
composition of the nanofluids were investigated via X-ray photo-
electron spectrometer (XPS, ESCALAB 250Xi, Thermo-Fisher
Scientific), and surface analysis was performed on the disk surface
after sliding tests using time-of-flight secondary ion mass spectroscopy
(TOE-SIMS, ION TOEF-SIMS IV). The TOF-SIMS testing specimens
after the friction test were ultrasonically cleaned with acetone for
10 min. The viscosities of the ILs and nanofluids were measured by
using a Stabinger viscometer (SYP1003-III, Anton Paar).

3. RESULTS AND DISCUSSION

3.1. Physical and Chemical Properties. For tribology
applications in space, the wettability of the nanofluids was
investigated. The contact angles of the five nanofluids are very
close to those of ILs (69.7°), in the range 69.5-71.5°
indicating that the wettability of ILs is not affected by the
addition of GO and MWCNTs. The contact angles were
summarized in Table S1, Supporting Information. Our UV—vis
spectrophometric measurement can easily characterize quanti-
tatively and accurately the stability of the MWCNTSs and GO
dispersion. The UV—vis absorption spectra of the IL
dispersions of GO and MWCNTSs are shown in Supporting
Information Figure S2. No noticeable changes can be observed
in the MWCNTSs and GO dispersion before and after 1 week of
placement. TGA curves were analyzed to estimate the thermal
stability of the nanofluids. The result is shown in Figure S3,
Supporting Information.
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Figure 1. Variations in friction coefficient of ILs, IL-MWCNTs,
IL-GO, IL-GO30, IL-GOS0, and IL-GO70 under different velocities:
(a) 10, (b) 20, and (c) 30 N.

3.2. Tribological Characterization. Figures 1—3 summa-
rize the friction and wear results of IL-GO/MWCNT
composites under different sliding conditions, compared with
those of IL-GO and IL-MWCNTSs. As shown in Figure 1, the
tribological properties of IL-GO and IL-MWCNTs clearly depend
on the load. I-LMWCNTs exhibit a low friction coefficient at an
applied load of 10 N, whereas IL-GO has a low friction coeflicient
at applied loads of 20 and 30 N. In particular, IL-GO30 displays
the lowest specific friction coefficient and wear rate under all of the
sliding conditions. As seen from the noncontact 3D surface
profiler images and cross-section profiles of the wear tracks at
different loads in Figures 2 and 3, IL-GO/MWCNT (IL-GO30)
composites exhibited shallower wear tracks than individual
IL-MWCNTs and IL-GO did. These data suggest that the
tribological performance of the IL-GO/MWCNT composites is
better than that of a single IL-GO or IL-MWCNTs.

This performance can be described as the lubrication regime
transition.” Nanoadditives affect the viscosity of ILs, which can
influence the film thickness between two sliding surfaces.
According to Hamrock—Dowson (H—D) theory,**”" the film
thickness of IL, IL-MWCNT, IL-GO, and IL-GO30 solutions
can be predicted by the following expression

#0.54  3%0.67
3

H* = 2.69 (1 — 0.61e7%73)

0067 (1)
where H * = h/R, G* = aE/, u* = nu/E'R, W* = W/E'R?, h_is
the film thickness, R is the radius of the ball, « is the pressure-
viscosity coefficient of the ILs (& = 9.9 X 107~ Pa™!),** u is the
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Figure 2. Noncontact 3D surface profiler images of DLC/IL/
GO-MWCNT film after friction testing.
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average linear speed of a glass plate and ball, W is the load, k is
a coefficient (~1), and E’ is the reduced Young’s modulus of
the two contacting solids defined by
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Here, v; is Poisson’s ratio for material i, E; is the elasticity
modulus of material i, and 7, is the viscosity of ILs and
nanofluids. The film thickness between two surfaces as a
function of oil with and without nanoadditives, predicted by the
H-D equation, is shown in Figure 4. The corresponding
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@ Film thickness
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Figure 4. Film thickness under the lubrication of ILs and nanofluids
predicted by the H-D equation.

lubrication regime can be approximately predicted according to
the ratio of h./R,,* where h_ is the thickness of the lubrication
film and R, is the roughness of the solid surface. Due to the
point of contact at a high load, the lubrication in ILs belongs to
the mixed lubrication regime that contains dry contact and
boundary lubrication. The viscosity of nanofluids increases the
thickness of the lubrication film, consequently increasing
h./R,. Thus, the lubrication proceeds into the boundary
lubrication regime.

3.3. Surface Analysis. XPS analysis was used to further
clarify the chemical states of the typical elements of oils on
the wear scar. As shown in Figure Sa, the C 1s peak of
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Figure 5. XPS spectra of nanofluids before and after friction testing:
(a) C 1s spectra, (b) F 1s spectra.

IL-MWCNTs before friction testing shows three peaks at
284.8, 285.9, and 292—296 eV, which correspond to CH,, C—
N, and C—F, respectively. It was indicated that some of the C
atoms and F atoms formed weak bonds and generated CF,
groups during sonication. The prominent F peak at 688.9 eV
after friction testing is additional evidence of C—F bonds. With
only a few F atoms forming weak bonds with C atoms during
sonication, the C—F peak intensity in the C 1s spectrum is
considerably weakened to the point that it is nearly invisible.
The C—F peak intensity of both nanofluids becomes weaker
compared with that of the peak in low binding energy, which is
attributed to Fe—F and B—F bond formation after friction
testing. A possible reason for this phenomenon is that more F
atoms form strong bonds with Fe atoms originating from the
wear debris of the steel ball. The Fe 2p peak at 710—71S eV
also supports the existence of FeF, and FeF;>>** Figure 6
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Figure 6. XPS spectra of nanofluids before and after friction testing:
Fe 2p spectra for (a) ILMWCNTs, (b) IL-GO, and (c) IL-GO30.

shows the XPS peaks of the Fe 2p spectrum appearing at 710.2
and 714.4 eV, which corresponds to FeF, or FeF;. On the basis
of the results of XPS analysis, it is deduced that tribochemical
reaction products were mainly composed of FeF, and FeF;.
For the obervation of obvious tribochemical reaction of ILs,
steel ball sliding against steel under lubrication of ILs was
investigated in high vacuum. Chemical composition in the worn
surface was obtained by the TOF-SIMS analysis. Analyses of
ILs with respect to the cation, anion, and F (elements of anion)
detected the count ratio. The cation count ratio inside the
sliding track was smaller than that outside the sliding track (see
in Figure 7). The anion and F count ratios inside the sliding
track increased compared to those measured outside. So, major
components in the worn surface are the elements derived from
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Figure 7. Count ratio by the TOF-SIMS analysis using ILs.

the anionic moiety. Also, a chemical image in the worn surface
is shown in Figure 8. The analyzed area is marked in Figure 8a.
The worn surface of ILs consists of two typical areas, namely,
the “inner area” and the “outside area”. Figure 8b—f shows a
chemical image of these analyzed areas. Contents of the
elements in the chemical image are expressed by contrast. A
bright area indicates a higher concentration of the focused
element. In Figure 8c, the inner area gets darker than the
outside area, because the F anion reacted with Fe, which was
generated by decomposition of the BF, anion and generated
Fe—F compounds. Correspondingly, as shown in Figure 8e/f,
FeF;™ and FeF,” were detected from the inner area lubricated
by a BF, anion. So, the anion reacted with or adsorbed on the
sliding surface.

3.4. Microscopic Observations. Such outstanding en-
hancement of IL-GO/MWCNT composites can be principally
attributed to their synergistic effect. The following sections
further discuss the corresponding GO/MWCNT-related
mechanisms on the basis of the microscopic observations of
worn surfaces and counter-faces.

As shown in Figure 9a,c, the wear scar diameters of steel balls
are approximately 222 and 236 ym after sliding against the steel
balls. However, the wear scar diameter of the ball using IL-GO/
MWCNT (IL-GO30) composites is reduced to ~213 pm
(Figure 9b). The optical micrograph of the steel ball shows
dark patches that cover the track area. The corresponding
Raman spectra of the wear scar (Figure 9d—f; the D-band
at ~1357 cm™ and G-band at ~1591 cm™ are ascribed to

carbon) confirm the presence of nanocarbon film and deposit
on the steel ball.

Moreover, with the addition of MWCNTs to the ILs, the
MWCNTS have acquired defects during the sliding tests under
high applied load, as evidenced from the increase in D peak
intensity (Ip/Ig) from 1.10 of IL-MWCNTs before friction
testing to 1.52 after friction testing. This variation suggests that
in-plane defect concentration is increased in the MWCNTs
during friction testing. We selected IL-MWCNTs and IL-GO
after friction testing (30 N) to dilute in alcohol by ultrasonic
dispersion for a long time and carry out the TEM of MWCNTSs
and GO. Figure 10a presents the TEM image of GO after
friction testing. It is easy to see that additional layers with a
different orientation stacked on the GO nanosheets. GO layers
significantly become thicker due to overlapping after friction
testing. For use in the MWCNTs, carbon nanotubes intertwine
with one another. Wear debris or graphene-like lamellas are
observed together with MWCNTs that are likely generated by
friction. It can be indicated that more wear debris appears for
no early GO transfer layer.

IL-GO30 (30 N) was also observed by TEM. Clearly, the
graphene layers are peeled off from the MWCNTs in Figure 11a;
other examples are presented in Figure 11b,c. Figure 11b shows
that the graphene sheets left the parent MWCNTs. Figure 11c
shows that the left graphene sheets from the MWCNTSs have
been absorbed into the graphene nanosheets. In addition,
Figure 11b shows that the MWCNTs disperse between the GO
layers and that GO represents a typical wrinkled morphology.
Meanwhile, GO looks thicker with fewer MWCNTs in the area,
and then the typical wrinkled morphology disappears. In Figure
11d, a good distribution of the MWCNT's was also observed on
the surface of the graphene platelets which act as a spacer for
GO. Fewer adsorbed MWCNTs are present on the thicker GO
layers. In a comparison with nanoadditives under low applied
load (Figure 12), a similar structure can be observed.
MWCNTs are sandwiched between the GO sheets, but a fairly
complete hollow structure still remains after low applied load
friction testing. Our previous research revealed that graphene
thickens after a long friction time.*> We believe that the
existence of MWCNTSs can effectively prevent two or more
layers of graphene from aggregating to form thick layers.
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Figure 10. TEM images of the debris: (a) GO after 1 h of friction
testing and (b) MWCNTs after 1 h of friction testing. Load: 30 N.

As shown in Figure 12b, parallel graphene layers at a variable
distance are stabilized by MWCNTSs placed parallel to the
graphene planes. In this way, MWCNTSs support the graphene
layers like pillars and prevent assembly between the graphene
layers. Thus, the tribological properties should benefit from the
three-dimensional (3D) structure of the hybrid nanoadditives.
In particular, graphene sheets stack upon each other and show
no effective uniform coverage on the tribofilm surface; thus, the
performance of graphene sheets significantly suffers.

The addition of any kind of GO/MWCNT composites
(G030, GOS0, or GO70) to the ILs resulted in an improved
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Figure 11. TEM images of the debris of GO30 after 1 h of friction
testing: (a) MWCNTs, (b—d) GO and MWCNTs. Load: 30 N.

friction reduction compared to those of the IL-GO (low applied
load) and IL-MWCNTs (high applied load, Figure 1); however,
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Figure 12. TEM images of the debris of GO30 after 1 h of friction
testing. Load: 10 N.

this improvement was influenced by the ratio of GO/
MWCNTs. In contrast to that of IL-GO30, the friction levels
of IL-GOS0 and IL-GO70 are not low and stable. So, a better
synergistic effect was observed for friction measurements where
the composites with the MWCNTs:GO ratio of 70:30 showed
the lowest friction coefficient and lowest wear rate. It was
indicated that there was an optimum dose of graphene
dissolved into IL. If excess GO was added into ILs, GO
would tend to form irreversible agglomerates, and it could not
stably and homogeneously disperse in ILs. Both added GO and
MWCNTs can avoid this situation. Yang et al."® have proposed
that the CNTs seem to have effectively reduced the z—x
stacking and agglomeration in graphene nanoplatelets, and
together, they produce better antiwear properties.

As further proof, tests were conducted at higher load of S0 N,
and it was found that IL-GO30 still provides better friction and
wear properties (see Figure 13). The GO and MWCNTs after
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£

2

& 0.12-

g

<

£ 0.08-

<]

B

= 0.04-

0.00 . . T T T
0 10 20 30 40 50 60
Time (min)

Figure 13. Variations in friction coefficient of IL-GO, IL-GO30, and
IL-MWCNTs as a function of sliding time at sliding speed 0.021 m/s.
Load: 50 N.

friction testing were observed using a TEM. In the TEM
images, MWCNTs were randomly distributed on GO sheets,
and some formed aggregates near the edge of GO. The GO
nanosheet morphology did not change significantly after the
friction testing. In contrast, MWCNTs underwent a dramatic
change in morphology after the friction testing. TEM images
(Figure 14b,c) revealed a beaded surface on the MWCNTs,
with the outer layer of MWCNTs features being increasingly
rougher as the load increased. MWCNTSs lose much of the
initial hollow structure upon the high energy surface strain
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100 nm

100 nm

Figure 14. TEM images of the debris: (a) GO and MWCNTs after fric-
tion testing at the load of SO N; (b—d) partial enlargement of part a.

which was produced by the steel balls during the sliding process
(see Figure 14d). So, 30GO:70MWCNTs proved to be more
effective than single nanoadditive systems.

3.5. Related Wear Mechanisms. The mechanism that
governs the tribological properties of the GO and MWCNTs in
ILs during friction is proposed on the basis of the results.
Figure 15 shows a schematic of the mechanisms of the

during friction process

% | & /I\IR;CNTs
o 4

In the early
friction process

DLC film
to two wear surfaces =

under high applied load

Figure 15. Schematic presentation of friction mechanism under
different situation.

DLC/IL/(GO-MWCNTs) composite coatings during friction.
The early formation of a GO transfer layer avoids damaging
two mating wear surfaces. The friction coeflicient is low when
only MWCNTS serve as nanoadditives, but the wear rate is
higher than with GO-MWCNTSs composites acting as nano-
additives. GO layers are easily absorbed on the composite
coatings and the counterpart steel ball by sliding toward one
direction, which form the early transfer layer before wear debris.
During friction, the MWCNTs easily roll between the friction
pair, resulting in very low friction coeflicients at a low applied
load. Under a high applied load, GO layers can form nano-
bearings between friction pairs, and the tearing and unwrapping
of MWCNTs diminish the rolling capability. These deforma-
tion mechanisms for individual nanotubes clearly lead to the
direct formation of (exfoliated) nanosheets, which can easily
adhere to the surface, thereby decreasing the friction coefficient
and wear rate.> This result can be attributed to the multiwalled
structure of the nanotubes. Thus, their synergistic effect
considerably enhances IL-GO/MWCNT composites.
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4. CONCLUSION

We demonstrated a simple and effective method to improve
friction-reducing and wear-resistance properties in various
lubricating states by utilizing GO sheets and MWCNTs as
nanoadditives. Through the strong affinity between GO sheets
and MWCNTs, excellent dispersion in the ILs was achieved at a
GO:MWCNTs weight ratio of ~30:70. A synergistic effect can
be established for the hybrid materials by combining 1D
MWCNTSs and 2D GO films. The composite nanoadditive has
great potential for the development of applications in space in
the future.
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