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Materials Science and Engineering Department, Universitf Texas at Arlington, Arlington, TX, United States

A continuing quest exists to develop high-performance grese capable of meeting
extreme demands of high energy efciency and durability of mdern mechanical
systems. In this study, multi-walled carbon nanotubes (MWCIN) and ionic liquids
(IL) either singly or as a binary additive system were pregat to study the
tribological performance of lithium greases under boundar lubrication condition.
The combination of MWCNT and IL can benet from their respectie lubricating
mechanism to minimize friction and wear. To test this hypotksis, MWCNT and IL are
tested individually and compared with combined MWCNT-IL aditive mixture within
lithium-based greases. MWCNT-IL gelatinous hybrids were ppared by inducing physical
non-covalent interactions between MWCNTs and phosphorous ased ILs through
ultrasonication and magnetic stirring. Four different phephorous based ILs, Choline bis
(2-ethylhexyl)-phosphate, Choline dibutyl-dithiophodpate, Methyl-tributyl-phosphonium
dimethyl-phosphate, Tetra-n-butyl-phosphonium O,O-di¢hyl-dithiophosphate were
used. Four ball tribological test con guration was used to asess wear and friction
properties of fabricated greases. The lubrication mechasm of these additives was
elucidated through analysis of worn surfaces using surfaceharacterization techniques
like SEM, EDS, and stereo optical microscopy. All greases #i contain ionic liquid
exhibited better tribological performance compared to grase with ZDDP. The maximum
reduction of the coef cient of friction (COF) of 60% and wearscar diameter (WSD)
reduction of 25% was observed for greases containing MWCNTs rad phosphonium
cation based ILs hybrids as an additive. Results indicatedither worse or comparable
anti-wear behavior in greases with MWCNT-IL hybrids as compad to greases that
only contained IL or MWCNT. The antagonistic interaction bateen MWCNT and IL has
been postulated to occur when MWCNT adversely interacts withL formed tribo Ims,
negating the bene t from IL resulting in increased wear in grases with binary mixtures
of MWCNT-IL.

Keywords: multi-walled carbon nanotubes, phosphonium ioni
four-ball tribometer

c liquids, nano-additives, tribo Ims, lithium grease,
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INTRODUCTION low melting point, non-volatility, and good electrochemical
properties. Many studies have shown the potential of ILs as a
The advent of nanotechnology and nanotribology has expandeghse lubricant $omers et al., 2010; Otero et al., 2014; Lépez-
the realms of research toward the use of nanoparticles otanchez et al., 206 a lubricant additive {iménez et al., 2006;
nanomaterials as additives in lubricating media like oijoease. Qu et al., 2009a; Blanco et al., 2D1Ls undergo tribochemical
Nanomaterials o er unique physical, chemical, and mechanicaeactions with interacting metal surfaces and form antiwea
properties due to their size e ect, surface and interface e ectsribo Ims which help to improve the antiwear and antifrictio
thermal stability, and variety of particle chemistries.iteflature,  properties of the lubricant. Furthermore, ILs are known as
various nanoparticles such as graphitee¢ et al., 2009 designers liquid because various characteristics carrdseri
polytetra uoroethylene (PTFE)Yharma et al., 20},/MoS (An  with di erent combinations of cation and anionic moieties @n
et al., 2014; Bagi and Aswath, 20),5HO; (llie and Covaliu, their properties like dissolving ability and solvent mistitpican
2019, La(OH) (Hao et al., 201)) PbS Chen and Liu, 2006  pe tuned by altering cation, anion, and attached substitsien
LaFs (Zhou et al., 200)1 titanium borate tiu and Dong, 1998  The alteration of hydrophobicity and hydrophilicity of ILs a
zinc borate Pong and Hu, 1995 ferric oxide ({u et al., 1998  pe helpful to control the properties of nanomaterials. Most
calcium borate £hao et al., 2014 Ni (Qiu et al., 200}, and  recently, ILs have been used to covalently or non-covalently
CaCQ (Sunging et al., 2000; Ji et al., 2ptave been used modify CNTs to improve their dispersion, electrical conduitgiv
as lubricant additives with potentially interesting frioti and  and charge transfer activityMukai et al., 2009; Hong et al.,
wear properties. Some of the suggested mechanisms behind the10: Tunckol et al., 20).2Fukushima et al. prepared CNT-IL
excellent tribological performance of nanomaterials ain®  hybrid by grinding a suspension of SWCNTs in imidazolium-
e ect(Wuetal., 200), protective Im by tribochemical reactions based IL with an agate mortar. They reported the formation
(Liu and Chen, 200)) ball bearing e ect {arasov et al., 2002  of gelatinous material (commonly known as Bucky gels) due
adsorption on surface to compensate for material loss, mending non-covalent interaction between the cation of IL apd
e ect (Liu et al., 200} and third body material transfef{uang  electrons of the nanotube surfadekushima et al., 20)3Wang
etal., 2006; Guo and Zhang, 2016 et al. demonstrated ILs interact with CNTs through weak van
Recently, carbon nanotubes (CNTs) have emerged as qgr Waals forces without in uencing electronic structurd o
promising candidate for lubricant additive. Addition of CNT CNTs (Wang et al., 2008 Gelation formation can take place
nanoparticles is well-known to improve anti-wear, extremewith a variety of CNTs lflukai et al., 2009; Hong et al., 2010
pressure, and load carrying capability of lubricating o#@se. and di erent ILs like pyridinium and pyrrolidinium-based ILs
The superior tribological properties of CNTs have been attéu  (Chun et al.,, 2010; de Castro et al., 201Bucky gels are
to their unique structure and dimension, which allows them t reported to form stable dispersions in desired solvents. Goval
be easily active in the contact area and reduce interfa@iéibh.  modi cation of CNTs by ILs is achieved through extensive
Kobayashi et al. compared the tribological properties of greas chemical methods of grafting IL component on the activated
containing carbon materials like graphite, cluster diamamith  CNT surface. Imidazolium-based ILs was used to covalently
the grease having carbon nanohorn as extreme pressurealditimodify CNTs (Carrion et al., 201)) Covalent modi cation of
and found that all carbon material containing greases tesul CNTs enables a stable dispersion of CNTs in water or organic
in improved friction and wear behavior of lithium-based gsea solvents, however, the process requires a lot of steps whikk ma
(Kobayashi et al., 20p5Cursaru et al. reported that Co- jtexpensive and di cult to control and not suitable for largeale
based single-walled carbon nanotubes (SWCNTSs) could be usgdustrial applications. Also, covalent functionalizatidisrupts
as an additive for mineral base oils with friction reductjon extendedp networks of CNTs, impairing their mechanical and
and a synergistic e ect can be observed with SWCNTs and|ectrical properties.
commercial lubricant additivei:(ursaru et al., ZO:DZMOhamed CNT/IL hybnds have potentia| app"cations as Supports for
et al. added electric arc discharged CNTs in lithium greasgetal nanoparticles, additives in polymer nanocomposites, in
and reported that 1 wt% of SWCNT improves antifriction and faprication of electrochemical sensors, actuators, supagirs,
antiwear properties of greasé/¢hamed et al., 20)4 Most  dye-sensitized solar celli(kushima et al., 2006; Fukushima and
recently, Kamel et al. examined tribological behavior ¢€ioan  Ajda, 2007: Mukai et al., 2009: Zhao et al., 2010: Subramaniam
grease containing dierent concentrations of MWCNTs andet al., 2011; Tunckol et al., 2Q1Recently, CNT/IL hybrids
suggested MWCNTs formed lubricating Ims on the worn have found prospective application as a lubricant and antiwear
surfaces preventing direct metal-metal contact; minimggwear  additive. Until now, limited research has been reported on
of the interacting surfaces<@mel et al., 2016 However, the tribological properties of CNT-IL hybrids. Yu et al. used
practical tribological applications of CNTs are hindered dueM\wWCNT chemically modi ed by imidazolium based IL as an
to problems like agglomerations and poor dispersibility in oilantiwear additive for IL lubricants in steel-steel congagtu
or grease. et al., 201p Wang et al. prepared IL based nano uids by
lonic liquids (ILs) have gained considerable attention inadding MWCNTs covalently functionalized by hydroxyl/amine
the lubrication industry because of their remarkable chemhi terminated IL in hexa urophosphate based IL and compared
and physical properties. ILs are molten salts with meltingribological characteristics of IL nano uids with pure IL ugin
points below 100C. They oer several advantages such as ball on disk con guration in steel-steel contactVéng
low vapor pressure, non- ammability, high thermal stability et al., 201)) Authors attributed the better antiwear and
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antifriction performance of nano uids to the uniform dispeéon  to be added manually to achieve the desired consistency of NLGI
of functionalized MWCNTs and their intrinsic mechanical 2 grade of medium viscosity. Base oil used was Shell 46 Rotella T
properties. To the best our knowledge, preparation of MWCNT-Triple Protection 15W-40.
Phosphorous based IL hybrids and tribological studies of¢he  Hydroxyl functionalized MWCNTs used as antiwear and
hybrids as an additive in lubricating mediums like oil anctgses antifriction additives for grease preparation were commedigi
has not been attempted. purchased. Both the type and diameter are essential for MWCNTSs
In this research work, tribological properties of lithium selection. The wider the diameter of the carbon nanotube TE)N
complex grease containing MWCNT-phosphorous based Ilthe more it behaves like graphite. The narrower the diameter o
hybrids was examined. Selection of a proper combination athe Carbon Nanotubes (CNTSs), the more its intrinsic propestie
cation and anion of ILs was critical to form hybrids and actge depends upon its speci ¢ type. The MWCNTs selected for the
important lubrication performance. Many studies have usesl IL study had an outer diameter of 20—40 nm and length of 10—
with cations like imidazolium I(u et al., 2004; Mu et al., 2005; 30mm. Along with the MWCNTSs, the second additive was
Jiménez et al., 2006; Jiménez and Bermudez,)28fmonium  an ionic liquid. To check the e ect of dierent cation and
(Qu et al., 2006, 200ppyridium (Kinzig et al., 2005; Qu et al., anion moieties on the non-covalent interaction of MWCNT-IL,
20093 along with halogen anion counterparts like BFYe etal., four di erent ionic liquids with P and S containing anion or
2001; Phillips and Zabinski, 2004; Mu et al., 20a8d Pk~ cation were used. ILs were provided from AC2T research GmbH
(Phillips and Zabinski, 2004; Yu et al., 20@#hd have reported Austria.Table 1details the chemical structure and coded name of
problems of tribocorrosion and poor/incomplete miscibility o the antiwear additives used including ZDDP and the four oni
these ILs in non-polar oils. Most novel choline catioBabler liquids. Tetrabutyl-phosphonium O,O-diethyl dithiophosphate
et al., 2011; Pisarova et al., 2012; Sharma et al., 2015,&tdl6 (P IL1), and methyl-tributyl-phosphonium dimethyl-phosphate
phosphonium cationl(iu et al., 2006; Qu et al., 2009a, 2011, 2014P IL2) have similar (not same) cations while the anions
2014; Minami et al., 2010; Yu et al., 2012; Sharma et al., 20t@ave either a thiophosphate or phosphate moiety. Choline
20169 based ILs are described to have excellent oil miscibilitydibutyl-dithiophosphate (N IL1) and choline bis (2-ethylhéxy
thermal stability, non-corrosiveness and antiwear/asiag phosphate (NIL2) have the same cation while one anion
capabilities when used as additives in mineral base oil or PA@Gas a thiophosphate structure, and another has a phosphate
oil. Motivated from this, the present goal of this study is tostructure. The as purchased zinc dialkyl dithiophosphate (F)D
assess the potential use of choline and phosphonium catiamsed in this study is secondary alcohol derived ZDDP with
ILs as additives in lubricating greases. Four ionic liquidth  approximately 70% neutral and 30% basic characteristic.
either phosphonium/choline cation or phosphate/thiophosphate
anion were selected. Initially, experiments were conduatidg ~ Grease Blend Formulation
four ball tribometer to assess the antifriction and antiwea As no studies were available on the optimal concentration of
behavior of MWCNT and ILs additive separately in the boundaryMWCNTs and ILs, it was very crucial to prepare a mixing
lubrication regime. Their tribological mechanism is dissed protocol with the optimum concentrationTable 2 gives an
based on the results procured from optical microscopy, scapninoverview of all the 12 grease blends prepared for this study.
electron microscope (SEM) and energy dispersive spectroscofmitial grease blends were formulated by adding MWCNTs and
(EDS) techniques. Tribological performance of MWCNTs andLs separately to understand the tribological mechanisnhese
ILs was individually compared with commercial additive, ZBD additives. For the comparison purpose, baseline grease blend
at the same P treat rate. Secondly, four MWCNT-IL hybridswithout any additives was prepared by maintaining 100:3®rati
were prepared by making formulations with 1 wt% of MWCNT of thickener and synthetic base oil. The blends were forteda
and ILs at 0.2 wt% of P. Physical non-covalent interactiorusing a Kitchen-Aid Mixer. The electrical speci cations ofketh
between MWCNTSs and ILs was induced through ultrasonicatiormixer were, 120 Volts, power rating of 250 W. Initially, base
and magnetic stirring. Tribological performance and wearoil and MWCNTs additive was mixed with a hand-held spatula
mechanism of these MWCNT-IL hybrid additives is examinedin kitchen aid steel container; this process allows dispersion
through the understanding of morphology and tribochemistfy MWCNTSs in the base oil. The Li-based grease was then added
worn surfaces. to the mixture and blended for 2 h at a speed of 100 rpm with
conjunction hand mixing after each 20-min interval, to ensu
homogeneity and adequate mixing of greases. A similar approac

MATERIALS AND METHODS was used to prepare greases with four phosphorous containing
. ILs additive.

Det?-'_ls of Base_ G'_’ease and Additionally, grease blends with an additive mixture of

Additive Chemistries MWCNTs and ILs were prepared. At rst, both additives were

Base grease used for this study was commercially purchasedighed and mixed with the base oil. To achieve adequate
lithium complex thickener. This grease was obtained from thenixing, the weighed mixture was subjected to ultrasonarati
supplier by removing a pail during the grease making proces®r 30 min. lonic liquids are known to be immiscible in
before adding additives, which assists in correlating tle of  the non-polar solvents like synthetic base oil. Therefohe t
additives directly with the tribological test results. Asetbase mixture was subjected to the proper mixing by using pulse
grease was pulled out early in the process, remaining basaail hultrasonicator with D.| water bath. Ultrasonication heatrist
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TABLE 1 | Structure of four IL's and ZDDP and their onset decompositioiemperature.

Additives Coded name Chemical structure Onset decomposition temperature (0
Tetrabutyl-phosphonium PIL1 /\/\/\ /\/\/ 261
0,0-diethyl dithiophosphate W S
VW '
S
Methyl-tributyl phosphonium PIL2 VAVAVAY (\/\/ 326
Dimethyl phosphate \/\/\/P\/\/\/
W
0
Choline dibutyl dithiophosphate N IL1 | s 172
Nt— —=P=
2 ~OT
HO S
Choline bis (2-ethylhexyl)- N IL2 | 258
Phosphate Nt— !
HO | _F_O/\g\/
|
0
Zinc dialky! dithiophosphate ZDDP RO S\ S\ _-OR 206

Zn P
Ro/ \s/ \s/ \OR

su cient to trigger the interaction between MWCNT and lonic The absolute torque and load values were received duritg) tes
liquid. So, the mixing was carried out using the magnetidrom the Compend X software assisting the four ball tribometer
stirrer at a constant 150 rpm for 2h at 530. Bucky gel After the termination of every test, the three stationargedt
formation due to physical non-covalent interactions betwee balls were retrieved and analyzed to determine the Wear Scar
MWCNTs and ILs was ensured after the magnetic stirringDiameter (WSD) using a stereo-optical microscope. Stereo-
of additives mixture. Later, additives mixture was addetbin Optical microscope (model type: Nikon SMZ 1,500) was used
lithium based thickener and was blended using kitchen aigeni to image the wear scars formed on the three stationary steel
for about 2 h with manual mixing by hand-held spatula afterfeac balls at 100X magni cation. The images were analyzed using
20-min interval. Image J software. The software comprised of measuring tools
and Pixel-counter which was used to document the WSD for all
the three steel balls and an average value was reported. WSD fo
Tribological Test Procedure each blend was determined using an average of 18 readings on 9

The tribological tests were performed using rotary four balS@mples from atotal of three repeat runs. Each reading represent
tribometer. Tests were carried out by following ASTM D22egtt  the average value of the longest horizontal striation amdjést
conditions of 392 N normal load, 1,200 rpm, T temperature vertical striation. Imaging all the samples ensured machine
and 60 min time to ensure the continuous sliding mode under@Peatability and normal loading of the samples by the spindle.
boundary lubrication regime. The steel balls used in théstes

were made up of bearing quality aircraft steel grade alldglA Worn Surface Characterization

standard E52100 with a %diameter. The testing assembly To understand surface morphology and chemical makeup of
consists of three balls placed in a chuck which is locked ithe wear surfaces generated due to lubrication of test greas
a cage and fourth ball rotated against stationary threesbalfformulations, secondary electron microscope (SEM) (moduedty
with the lubricating grease in between; thus, evaluatirgy itHitachi S-3000N) attached with energy dispersive X-ray unit
tribological properties. All tests were repeated three times t(EDS analyses) was used. SEM imaging was carried out at an
ensure repeatability and minimize external errors. The cdent  accelerating voltage of 15-20 kV. The samples were cleaned
of friction (COF) was calculated using a formula as describeusing hexane and were placed in sample holder using carbon
in the ASTM D5183, the formula uses torque and normaltape, to maintain good electrical contact and ensure good
load values of the test and a normalization factor to cakeula imaging of wear scar. Wear surfaces showing distinct weeksra
friction coe cient. and surface morphology were imaged at a magni cation of
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TABLE 2 | Overview of grease formulations and additives.

Grease blend
coded name

Base grease

Additives

W1t% of additive

Base grease
MWCNT
PIL1

PIL2

N IL1
N IL2

ZDDP
MWCNT_P IL1

MWCNT_P IL2

MWCNT_N IL1

MWCNT_N IL2

MWCNT_ZDDP

Lithium 12 hydroxystearate (NLGI grade 2)
Lithium 12 hydroxystearate (NLGI grade 2)
Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)
Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)
Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)

Lithium 12 hydroxystearate (NLGI grade 2)

Hydroxylrationalized MWCNTs

Tetrabutylpsphonium
0,0-diethyldithiophosphate

Methyl-trilyl phosphonium
Dimethylphosphate

Choline dibyltlithiophosphate

Choline bis-@hylhexyl)-
Phosphate

Zinc dialkijthiophosphate

Hydrpfunctionalized MWCNTs and Tetrabutyl
phosphonium
0,0-diethyldithiophosphate

Hydrpxunctionalized MWCNTs and
Methyl-tributyl phosphonium
Dimethylphosphate

Hydngxunctionalized MWCNTs and Choline
dibutyldithiophosphate

Hydngxfunctionalized MWCNTs and Choline
bis (2-ethylhexyl)-
Phosphate

Hydp functionalized MWCNTs and zinc
dialkyldithiophosphate

FMWCNT: 1 wt%
P IL1: 0.2 wt% of P

P IL2: 0.2 wt% of P

N IL1: 0.2 wt% of P
N IL2: 0.2 wt% of P

ZDDP: 0.2 wt% of P

FMWCNT: 1 wt%
P IL1: 0.2 wt% of P

FMWCNT: 1 wt%
P IL2: 0.2 wt% of P

FMWCNT: 1 wt%
N IL1: 0.2 wt% of P
FMWCNT: 1 wt%
N IL2: 0.2 wt% of P

FMWCNT: 1 wt%
ZDDP: 0.2 wt% of P

100X and 1,000X to elucidate wear mechanism in play. EDEMWCNT are formed between the interfacial surfaces and with
spectrums were collected for the wear test samples analyzfte continuation of the test these Ims are removed due toldui
by SEM. The spectrums were recorded for the magni catiorup frictional force normally exerted by the top rotating dtball.

of the 1,000X at an accelerating voltage of 15 kV to reducslight increase and stability in COF values for MWCNT grease
the penetration depth and collect elemental information fromblend signify the e ective antifriction behavior of MWCNTs.
near surface region rather than the bulk. EDS mapping wasdditionally, all four ILs and ZDDP show an improvement in
carried out to substantiate ndings from EDS spectrum datafriction behavior compared to base grease at 0.2 wt% of the P
EDS elemental mapping helps to understand tribochemistry antteatment rate. Phosphonium cation based ILs has the lowest
possible compound formation in tribo Ims. average COF. Choline cation based ILs also display lower COF
in comparison to ZDDP for the duration of the test. Careful
observation reveals all antiwear additives exhibit somellef

. . ) variance in instantaneous friction with the progressiontaf test.
Tribological Behavior of MWCNTs and ILs From Figure 2, it can be seen that there is a signi cant
as an Additive decrease in the wear of the stationary steel ball surfacexwhe
Figure 1 exhibits the change in COF values during the test ru"MWCNTSs is used as an additive. Mohammed et al. research
of grease blends having only MWCNT and ILs as additivesvork on the tribological behavior of CNTs as an additive in
COF values marked in the boxes are the averages of the COfium grease proposed that a threshold amount of 1 wt% result
values obtained from three runs performed for each greas@ need for improvement of extreme pressure, antiwear, and
blend. Observation of COF variation will help to understandantifriction properties of lithium greasé(ohamed et al., 20)4

the e ectiveness of these additives as a friction modi erhivit  MWCNTSs can easily penetrate the tribological contact integfa
the test duration. Base grease blend exhibits a high COFhwhiavith the lubricating grease. They can get adsorbed and form
increases gradually during the test. The larger COF of the thin Im on the rubbing surface. These layers minimize the
base grease blend resulted from a real contacting area of tkkding resistance and hence reduces the wear betweerctiogta
rubbing surface owing to wear. The grease blends with MWCNTBurfaces. In comparison with base grease and MWCNT, all ionic
resulted in a smaller and more stable COF than the base greafiguids exhibited signi cant improvement in wear protectian

At the beginning of the test, stable COF value is observelithium base grease. ZDDP is a well-known antiwear additive,
which is further followed by a slight increase. This pattesn i however, in this study addition of ZDDP at a concentration of
continued until the end of the test. These changes in COFemlu 0.2 wt% P resulted in poor antiwear performance. Phosphonium
indicate that initially thin layers of lubricating greasentaining  cation based ILs exhibits better antiwear performance then t

RESULTS AND DISCUSSION
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FIGURE 1 | Coef cient of Friction from four ball wear tests for greases antaining only MWCNT and only ILs additives compared with basgrease and ZDDP
grease blend.

800

700

Wear Scar Diameter (um)

FIGURE 2 | Wear scar diameters from four ball wear tests for
greases containing only MWCNT and only ILs additives compadewith base
grease and ZDDP grease blend.

IL2 has phosphate anion. In addition, P IL1 and P IL2 can be
di erentiated based on their chain length. P IL1 has a longer
chain length than the P IL2. When wear behavior of P IL1 and
P IL2 are compared, P IL1 exhibited better wear protection. In
the case of choline cation based N IL1 and N IL2. N IL1 exhébite
better tribological performance. N IL1 has thiophosphate while N
IL2 has phosphate anion. This indicates that the functionaligr

in the ionic liquid molecules plays a vital role in increasitng
antiwear and antifriction ability. Interestingly, both ¢hanions
and the length of the alkyl chains of the ionic liquid moleesl|
have a signi cant e ect on the tribological properties.

Analysis of Rubbed Surfaces for MWCNTs

and ILs as an Additive

The morphology and characteristics of the wear tracks imaged
using a scanning electron microscopy (SEM) provide signi cant
information about the wear behavior of MWCNT and ILs based
greasedrigures 3 4 display wear scar surfaces magni ed at 100X
and 1,000X, respectively. SEM images of the wear scar at low
magni cation of 100X give an idea about the wear scar diamete
and overall wear characteristic. While higher magni catio
images at 1,000X help to understand the nature of the wear/we

choline cation based ILs. The P IL1 and P IL2 structure havenechanism in play. The secondary electron SEM image [4(A)]
the same phosphonium cation; however, there is a di erencef the wear scar for base grease exhibits severe plowingsgrove
in the anionic moiety, P IL1 has thiophosphate anion while Pand adhesive wear surfaces. As no additives were preseng in th
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500 pm

FIGURE 3 | Secondary electron microscopy images at 100X magni cation 6the wear scars from four ball wear tests for grease blend4A) Base grease(B) MWCNT
(C)PILI(D)P IL2(E)N IL1 (F)N IL2 (G) ZDDP.

grease, direct metal to metal contact resulted in heavy weagxplains the combined presence of abrasive grooves and mblishe
Greases with MWCNT has the smaller wear scar than basemooth surfaces on the wear scars developed by grease blends
grease and ZDDP. Wear scar morphology exhibits deep abrasigentaining MWCNT.

grooves with some amount of polishing wear. In addition, the Wear scars of P IL1 and ZDDP appears smooth as compared
black color deposition can be seen near abrasive groovesandto P IL2, N IL1, and N IL2. The darker regions or patches in the
deep scratches in the SEM image taken at 1,000X magni catidnigh magni cation SEM images possibly indicates the presefce
[4(B)]. The worn surface lubricated by base grease blend ha®n-conductive phosphates tribo Ims. P IL1 SEM image [4(C)]
many wide and deep grooves and scu ng while the wornshows dark patches throughout the wear scar which corresponds
surface lubricated by grease with MWCNT at 1 wt% is relativelyo the less conductive patchy tribo Ims formation. The SEM
smoother and the grooves are not as deep. As detailed earlienage of P IL2 worn surface shows abrasive wear tracks and
MWCNTs tend to form thin, dry lubricant Im covering the patchy tribo Im formation, with patch sizes that are largerati
surface asperities and promoting smooth surfaces. It is plessibwhat is seen in P IL1. On the other hand, the wear surfaces
that the MWCNT in contact with smooth surfaces may slip andobserved in the case of N IL1 and N IL2 appears to be rougher
slide and provide protection against high frictional forcéhis  thanthe P IL1 and P IL2. SEM image of ZDDP lubricated surface
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FIGURE 4 | Secondary electron microscopy images at 1,000X magni catia of the wear scars from four ball wear tests for grease blendgA) Base grease(B)
MWCNT (C) P IL1 (D) P IL2 (E)N IL1 (F) N IL2 (G) ZDDP.

exhibits regions of abrasive wear with scratches alignetthd¢o Figure5 also shows elemental spectrums for four ILs
sliding direction together with the formation of patchy prateve  compared with ZDDP. All spectrums were obtained with the
tribo Ims. The analysis of the morphology of worn surfacesish acquisition of approximately 120,000 net counts. Additiopall
correlates to the wear results discussed earlier. P IL1 an® P Ithe table inFigure 5 details the amount of antiwear forming
showed smaller WSD value than the N IL1 and N IL2. elements phosphorus and sulfur detected on the worn surface
Figure 5represents the EDS spectrum obtained from the worrmagni ed at 1,000X. EDS spectra for P IL1 shows a large
scar on the steel balls lubricated by base grease blend aadegr peak for S, Fe, O and low peak for P indicating the presence
blend containing 1 wt% MWCNTSs, respectively. It can be seenf a good amount of sulfur based Ims and smaller amounts
that the element of C was present on the worn scar surfacef phosphorous based Ims. Fronkigures 5D,F it can be
lubricated by lithium grease containing 1 wt% MWCNTSs, andsuggested that P IL2 and N IL2 results in the formation of
its atomic concentration was 18.56%. Comparison of spectrunnon phosphate based tribo Ims. As the sulfur is not present
carbon element data iRigure 5Bwith Figure 5A, indicates that in the original structure of P IL2 and N IL2, no sulfur peaks
the C present on the worn surfaces may be from the physicalere determined from their lubricated worn surfaces. N IL2
adsorption of MWCNTs during the process of friction. The EDS spectra demonstrate shorter peak of phosphorus than P IL2
higher concentration of C element suggests that a lubmcati and hence correlates well with the wear results of higher WSD
grease Im must have formed and probably contained MWCNTsthan P IL2. N IL1 has the choline cation and dithiophosphate
which would have acted intermediary to prevent the directatet anion which results in detection of phosphorus and sulfur
metal contact. peaks (NoteFigure 5B. Therefore, it can be postulated that
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FIGURE 5 | Energy dispersive spectroscopy spectrum of four ball wearears for grease blends with antiwear additivegA) Base Grease(B) MWCNT (C) P IL1

the chemistry of the tribo Ims formed on the worn surface is transfer (fang and Li, 201} In this work, several hypotheses
related to the original structure and anion moiety of the ILs can be made to explain the positive e ect of MWCNT addition
EDS spectra for ZDDP shows a strong signal for Zn, P, S, Fen tribological properties of the lithium grease. First, frotret
and O elements indicative of the formation of zinc phosphateSEM-EDS mapping, it can be proposed that MWCNTs exhibits
zinc sul de/ sulfate, iron phosphate, iron sulfate/sul deydiron

oxide compounds.

Tribological Mechanism of MWCNTs and

ILs as an Additive

mending e ect as the presence of carbon element was detected
in the abrasive grooves developed on the worn surface. Second
EDS spectrum analysis suggests that MWCNT may get adsorbed
on the rubbing surfaces and form thin Ims capable of prevengtin
contact between the interacting surfaces. In addition tgs,th

Many studies have investigated the lubricating mechanieins some MWCNTSs can be ruptured or disintegrate under rigorous
nano-additives. The proposed suggestions behind the frictioffiction and extreme pressure condition to form small, planar
and wear reduction are mending e edti( et al., 200} colloidal
e ect (Chifias-Castillo and Spikes, 20pfolling and ball bearing amorphous carbon. This newly formed lamella may strongly
e ect protective Im (Tao et al., 1996 and third body material

graphene segments re ecting their origin, in e ect resemglin

adhere to tribosurface and can further protect surfaces itiomo
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Such Ims are referred to as transfer Ims/énder Wal et al., rate of Im formation by ZDDP. Secondly, it is possible that
201). The role of the transfer Im is to reduce the shear strengththe concentration of ZDDP was insu cient to maintain the
at the interface while maintaining the sti ness of the coritac Im formation throughout the test. Our group's research work
surfaces {liyoshi et al., 2006 In all the cases, the benet of on developing extreme pressure additive chemistries for geeas
MWCNT arises from their unique structure and properties. Thesuggests that optimal concentration for ZDDP is approximately
high Young's modulus of MWCNT enables them to shear undeB wt% to achieve e ective improvement in antifriction and
high friction force. The rolling or sliding of MWCNTs between antiwear performance of the greasea@i and Aswath, 2015a;
the interacting surfaces aid in reduced friction and imprdve Bagietal., 2018
wear resistance. In this study, though high C concentration
was detected on worn surfaces, it is beyond the scope of this . . . .
project to characterize the nature of the Ims. It may be trimrs  EValuation of Tribological Properties of
Ims or physically adsorbed Ims. However, it is safe to statetMWCNT-IL Hybrids as an Additive
that the MWCNTs can serve as e ective spacers by gettingigure 6 exhibits friction spectra collected throughout
adsorbed/accumulated on activated metal surfaces, ptifgbi tribological testing of grease blends containing MWCNT-
contact and wear of the metal under extreme pressure anilL additives. As anticipated, the average COF for base grease
load conditions. is highest. All grease blends with MWCNT-IL additives show
This research study assessed the potential of phosphoroumsprovement in friction response compared to base grease
containing ILs as antiwear and antifriction additive underwithout any additives. Their friction pro les are a represation
boundary lubrication regime. ILs exhibited better tribologl of presence and exclusion of Ims formed by additives. Foiati
performance than ZDDP. The good tribological performance ofro le of MWCNT-P IL1 was the most stable one throughout the
the ILs could be attributed to their unique dipolar structure. test compared to rest of the grease blends, resulting in tivedo
Owing to that ionic liquids could be very easily adsorbed ba t average COF values. Grease blend with MWCNT-P IL2 additive
friction contact pairs to form an e ective boundary Im. It is exhibited unstable friction pro le at the initial and nal pree
well-known that during the sliding process, low-energy glmts  of the test and exhibited better average COF value than base
emit from contact convex points on the metal surface and theyrease. Grease blends with MWCNT-N IL1 and MWCNT-N
positive charge is formed at the surface of the tiny convexmel.  IL2 display low and stable COF, however, their friction pro les
The anion part of the ionic liquid can easily adsorb onto theshow sudden changes at certain points of the test. Greasd blen
positively charged sites of the metal worn surface. Under theith MWCNT-ZDDP additive performed better than base
boundary lubrication regime (used in this study), points het grease in terms of friction outcomes but displayed higher COF
surface asperity contacts generate very high temperature andlue as compared to other greases with MWCNT-IL additive
pressure, which induces thermo-mechanical decomposition ahixture. Friction pro le of MWCNT-ZDDP exhibited the most
the physiochemically adsorbed ionic liquid. These decontjpwsi ~ signi cant number of changes in COF till 30,000 revolutions.
by-products react with the nascent metal surface to form @€omparison of Figure 6 with Figure 2 suggests improved
reaction Im known as tribo Ims (Martin et al., 1984; Fuller antifriction behavior of MWCNT-IL greases than only MWCNT
et al.,, 1997; Kim et al.,, 20.0The nal byproduct of this and only IL greases.
reaction is deposited on the rubbing surface which ultimatel  Figure 7 provides a comparative representation of WSD
protects the continued sliding condition. Therefore, it iafes values plotted in the form of a bar chart for greases
to reason out that the ionic liquids undergo decompositioncontaining either MWCNT-IL or IL. Wear behavior of base
and tribo-chemically reacts with nascent Fe substrate tmmfo grease complimented the friction ndings by displaying the
tribo Ims comprising of iron phosphate, iron sul des/sulfade highest wear outcomes. Grease blend with MWCNT-P IL1 and
The tribo Ims act like a sacri cial Im which periodically fons MWCNT-P IL2 additive showed small and almost comparable
and break-down due to the shearing action during the procesaVSD values. Considering statistical signi cance, we cate sihat
Tribo Ims formed on interacting surfaces provides low shiegr  wear results with lubrication containing only P IL1 and P IL2
strength, which leads to lower coe cient friction and extit are almost similar to that of MWCNT- P IL1 and MWCNT-
wear resistance-(ller et al., 1997; Chen and Liu, 2001; AktaryP IL2. Wear performance of MWCNT-N IL1 based grease is
et al., 2002; Qu et al., 2009a, 2014; Kim et al., 2010; Olomoleltbetter than MWCNT-N IL2 but poorer than MWCNT-P IL1
et al., 2010; Somers et al., 2010; Otero et al., 2014; Sharared MWCNT-P IL2. This indicates that wear performance of
et al.,, 2015, 2016; Blanco et al.,, 20IMany authors have phosphonium cation based ILs and MWCNT additive mixture is
proposed that the ionic liquids form tribo Ims similar to ZDDP better than the choline cation based ILs and MWCNT additives.
(Somers et al.,, 2013; Ghandi, 2014; Qu et al., 2014; SharAdditionally, MWCNT-ZDDP grease exhibited the highest WSD
et al.,, 201 ZDDP forms tribo Ims of zinc phosphates, zinc value of 62@nm and even worse wear behavior than the base
sul des/sulfates, iron phosphate, and iron sul des/sulsand grease. It is important to note that MWCNT-N IL greases
imparts excellent antiwear, and antifriction protection affaces resulted in higher wear as compared to greases containing onl
in contact. However, it is important to note that in this study N IL. These observations clearly indicate that MWCNT in this
ZDDP didn't exhibit the comparable tribological performartce  binary additive system is not contributing positively toward
that of ILs. There are several possibilities for this perfatoe®g  enhancing wear preventive characteristics of lithium geeas
rst may be the rate of Im break down was higher than the It was hypothesized that non-covalent interaction of IL with
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FIGURE 6 | Coef cient of friction outcomes from four ball wear tests forgreases with MWCNT and ILs additives compared with base greasand MWCNT_ZDDP
grease blends.

MWCNTs will help to maintain a stable dispersion of MWCNTSs studied the tribological performance of phosphonium cation
in the grease system and hinder the formation of bundles dbased ILs in mineral base oil and reported a similar type of
MWCNTSs. Better distribution of the MWCNT will provide a wear tracks with uneven distribution of formed antiwear Ims
larger solid-phase contribution to the lubrication systeistithe  and the roughness oriented in the direction of rubbirigh@rma
same time, the potential of ILs to form protective tribo Ims wa et al.,, 201h The lubricating grease containing N IL1 and
expected to enhance the tribological properties of MWCNT-ILMWCNTSs exhibits the smearing type of adhesive wear with deep
additive mixture. However, it appears that MWCNT and IL arescratches all over the worn surface. Abrasive wear alonly wit
not acting synergistically. To comprehend this behavicg,study some polishing wear tracks and smooth patches of tribo Ims
of the worn surface morphology and tribo-chemistry is esggnt can be observed in the direction of sliding for the rubbed
surfaces generated by grease formulations containing MWCNT
Characterization of Worn Surfaces for N IL2. Also, black color deposition can be seen in grooves on

MWCNT-IL Hybrids as an Additive wear tracks.

Secondary electron SEM images of rubbed surfaces formed on The wear surface of MWCNT-N IL2 blend appears to
stationary balls were imaged using S-3000N variable pressupe rougher than MWCNT-N IL1. Morphological analysis of
SEM. Figure 8 displays secondary emission images of worfvorn surfaces thus correlates to the wear results discussed
surfaces for all four MWCNT-IL grease formulations takenearlier. MWCNT-N IL2 showed higher WSD value than the
at 100X and 1,000X. Low magni cation SEM images of aMWCNT-N IL1. Additionally, wear surface lubricated by ZDDP
grease blends display smooth polished wear surfaces. Higrwid MWCNTs based grease formulation appears to be more
magni cation image at 1,000X details the nature of weam@brasive as opposed to samples from all MWCNT-IL based
mechanism taking place. Deposition of the MWCNTs in thegrease formulations. Unevenly distributed dark patches ¢oger
plowing grooves can be seen in the low magni cation imagescratches on the SEM image indicates the presence of non-
of MWCNT-P IL1. Dark patches seen on the magni ed wearconductive ZDDP antiwear tribo Im Figure 8D).

surface indicates the presence of continuous thin layeottibs. Wear scar areas magni ed at 1,000X showrigure 9were

This explains the lower COF and WSD value for grease blensubjected to EDS analysis to determine elemental distributio
containing MWCNT-P IL1 as an additive. Higher magni cation the worn surfacefigure 9exhibits elemental spectrums for four
image of grease blend containing MWCNT-P IL2 as an additivéLs compared with ZDDP. All spectrums were obtained with the
shows severe delamination and adhesive wear. Sharma et adquisition of approximately 120,000 total counts. EDS spettr
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FIGURE 7 | Wear scar diameter from four ball wear tests for greases witMWCNT and ILs additives compared with base grease and MWCNT ODP grease blends.

of wear surface lubricated by grease blend MWCNT_P IL1 showdpes not predict the coordination of elements like carbon hotl

the presence of sulfur, phosphorous, oxygen, carbon, calciurape can make a rational conclusion based on possible reaction
and iron. It has been reported in the literature thatinhergolar ~ pathways. Recorded atom % of carbon can be from multiple
molecules of ILs tribo-chemically react with metallic sudés sources like MWCNTSs, and lithium grease. Comparison of SEM
to form lubricative boundary surface Im@u et al., 2014 images and EDS elemental mapping can provide better evidence
Therefore, detection of antiwear tribo Im elements like about the location of detected elements on wear surfaces.

and Fe suggest the formation of iron phosphate, iron sulfates EDS mapping was carried out to understand tribo-chemistry
and iron suldes Ims on wear surface due to the chemicalof interacting surfaces lubricated with MWCNT-IL additive
interaction of decomposed P IL1 with the steel surface. Thenixture. EDS map of the rubbed surface generated through
presence of 21.37 atom % of carbon in the wear surface fbrication of grease blend having MWCNTs and P IL1
MWCNT_P IL1 suggests that MWCNTSs are physically adsorbeds additives were selected for discussion because it showed
or accumulated on wear track's cracks and grooves. Ideatiionn ~ best tribological performance among all grease formulations
of P, O, and Fe elements on the worn surfaces developed Bygure 10represents EDS mapping with a corresponding SEM
MWCNT-P IL2 based grease formulation indicates that P ILAmage for the rubbed surface. The box marked on the SEM
formed tribo Ims are comprised of only iron phosphates. Simila image is the representative of the area under consideration.
assessments of the presence of iron phosphates and MWCNTSs Bright colorful patches on O and P map indicates the presence
wear surface can be made for grease blend containing MWCNTBf phosphates surface Ims. The smooth surface area in the
N IL1 additives. EDS spectra for MWCNT-N IL1 based greasenarked box corresponding to strong intensity patches in S map
formulation exhibits a low intensity peak of phosphorous withsuggests the presence of thick sulfates/sul des Ims pratecti

a high intensity peak of the sulfur element. This suggests th&teel substrate against frictional forces in the directbsliding.
likely presence of iron sulfates, iron sul des, and iron phosfgs  Also, traces of carbon element on rough surfaces can be seen;
Ims on wear surface. These observations are in accordand®wever, it appears like MWCNTs are simply accumulated in
with the ndings of an extensive study by Sharma et al. on ILsgrooves of wear track, no adsorbed Im of MWCNTSs is observed.
who reported using X-ray absorption near edge spectroscopis mentioned before EDS analysis can't give the de nite seur
(XANES) that phosphorus and sulfur based ILs form pad likeof carbon element and advanced characterization techsitjke
glassy tribo Ims very similar to ZDDP with only one di erence XPS, Raman and XANES should be used in correlation to EDS
of presence of Fe cation coordinated compounds instead of Zdata to comment on the identi cation of adsorbed MWCNTs
cations Sharma et al., 2015, 201@nalysis of data from EDS Ims on worn surfaces.
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FIGURE 8 | Secondary scanning electron microscopy images of four balvear scars at 100X and 1,000X for grease blend¢A) MWCNT_P IL1(B) MWCNT_P IL2(C)
MWCNT_N IL1(D) MWCNT_N IL2(E) MWCNT_ZDDP.

Tribological Mechanism of MWCNT-IL prepared to enhance the tribological performance of lithium
Hybrids as an Additive greases, and an e ort was made to understand lubrication and

Interacting surfaces in boundary lubrication regime mogaiast ~Wear mechanism of MWCNT-IL additives.

each other under high pressure and low speed, resulting inseve Examination of frictional and wear behavior of MWCNT-IL
collision of contacting surface asperities. These intésastof ~based greases and SEM-EDS analysis suggests that both MWCNT
asperities lead to both plastic and elastic deformation ofemaes ~ and IL, are speci cally antagonistic in terms of wear. Firgsirof

and under such circumstances, physical and chemical progerti¢he SEM-EDS indicates the presence of MWCNTs nanoparticles
of lubricating medium play a critical role in providing enhagat  in the wear tracks as physically adsorbed on nascent surfaces
surface protection against friction and wear. In this reshar or as accumulated in rough surface grooves. Residual MWCNTs
work, a mixed solid-liquid additive system of MWCNT-IL was in wear tracks can minimize shear strength and surface gnerg
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FIGURE 9 | Energy dispersive spectroscopy spectra of four ball wear sars for grease blends with(A) MWCNT_P IL1(B) MWCNT_P IL2(C) MWCNT_N IL1(D)
MWCNT_N IL2(E) MWCNT_ZDDP.

of interface and minimize COF and wear of surfaces in contadribo Ims under boundary lubrication regime by reacting thi
(Zhang et al., 20)7Frictional resistance can be minimized due tonascent Fe substrate. However, comparison of EDS P elemental
rolling or sliding motion of cylindrical MWCNTSs present at the data inFigures § 10indicates that less phosphate based antiwear
interface (i and Sinnott, 2001; Peng et al., 2D0&dditionally,  Ims were present on MWCNT-IL lubricated worn surfaces than
excellent mechanical properties of MWCNTSs like high Young'shat of only ILs. There are two possible inferences from this
modulus and tensile strength can minimize the real area obbservation, (i) MWCNTSs in grease additive system are acting
contact, which can results in lower friction coe cient atdace as a third body and directly abrading o IL formed tribo Ims
asperity tips. by mechanical action or (i) MWCNTs disrupts the formation

EDS spectrum analysis of MWCNT-ILs lubricated wornof tribo Ims after initial removal by accumulating/physitha
surface evidently detects the presence of P, S, Fe, and aOsorbing on the active nascent steel substrate. Tribo &res
rich tribo Ims and suggests that ILs form protective antiwea reported to have less hardness than the steel substfatewrf/
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FIGURE 10 | Energy dispersive spectroscopy mapping for wear scar fromolur ball wear tests of grease blend with MWCNT_P IL1 at a magniation of 1,000X.

et al., 2002; Olomolehin et al., 2Q1&nd hence, can get easily
removed by hard CNTs. As tribo Ims are strongly adhered and
assimilated with the nascent steel surface, removal ofrttiwear

Ims also results in the removal of the substrate. Determ@ni
exact modes of interaction is beyond the scope of this project.
Itis important to note that MWCNT does not appear to directly 4.
abrade steel ball surface as evident from the tribologicallte

of greases containing only MWCNT. However, a signi cant
decrease in P elemenFigures § 10) and increase in WSD
values Figure 7) for MWCNT- ILs greases as opposed to only
IL greases con rms that MWCNT is antagonistically interacfi
with ILs/IL formed tribo Ims and is possibly responsible foreh
poor tribological performance of the MWCNT-IL hybrid greases.

CONCLUSION

1. Grease chemistries with  MWCNTs and four dierent

phosphorous based ILs hybrids were successfully prepare%l.

Physical non-covalent interaction of IL and MWCNTs
assisted in maintaining a stable dispersion of MWCNTSs in
grease mixture.

. Initial tribological experiments helped to understand
the lubricating mechanism of MWCNTs and ILs under
boundary lubrication condition. MWCNTs e ectively
improved tribological behavior of lithium base greases by
physically adsorbing and/ accumulating on wear-prone
interacting surfaces.

. Four phosphorous based ILs used in this study showed
superior antiwear characteristics compared with

conventional ZDDP. Phosphonium cation based ILs

chain length of ILs. SEM-EDS analysis suggests that IL do
participate in the tribochemical reaction during the rubbing
action and form antiwear phosphate and sul de/sulfate based
Ims on interacting surfaces by tribo-chemically interaugi
with Fe.

The potential of MWCNT-IL hybrids as an antiwear
and antifriction additive for lithium complex greases was
evaluated. Hybrids of MWCNTs and phosphonium cation
based ILs successfully improved lithium base grease friction
coecient by 60% and wear scar diameter by 25%.
Tribological mechanism of MWCNT-IL additive based
greases elucidated through SEM-EDS analysis indicates that
IL phase in MWCNT-IL additive mixture experienced
tribochemical reaction in the sliding of steel against ktee
with the formation of a surface protective tribo Im. Whergas
MWCNTSs solid additive phase contribution is attributed to its
intrinsic physical and mechanical property.

Wear performance of the MWCNT-IL based greases
was poor/comparable to that of the greases containing
only ILs or MWCNT. SEM-EDS results suggest possible
antagonistic interaction between MWCNT and IL. EDS
spectrum comparison of only IL lubricated worn surfaces
with MWCNT-IL indicate less protective phosphorous based
IL tribo Ims were formed when MWCNT is present in the
grease mixture. It is hypothesized that MWCNTs act as a
third body and interacts with ILs active species/IL tribo m

to hinder the antiwear performance of ILs.
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