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bstract

Nano grease is found to be stable and homogeneous (wherein carbon nanotubes act as sole thickeners and oil is polyalphaolefin (PAO)). This is
 good indication that three dimensional (3D) percolation network structures among carbon nanotubes (single wall and multi wall) play a crucial
ole in stabilization. To better understand this assumption and provide further evidence, some additional carbon nanomaterials, such as carbon
anofiber (CNF), graphene, fullerene (C60), Ni-coated single wall carbon nanotube (SWNT), are selected to make the grease. Unfortunately, CNF,
raphene, fullerene (C60) and Ni-coated SWNT do not form stable greases as nanotubes do. In addition, SWNTs were mixed with CNF and
i-coated SWNT respectively to see if stable grease could be formed. The results indicate that the CNF/SWNT did not form the stable grease,
hile Ni-coated SWNT/SWNT did. Inter molecular Van der Waals forces could reasonably explain these experimental results. Appropriate tube

ize (nanotube and nanofiber), stereo structure (nanotube, graphene and fullerene), surface energy (nanotube and Ni-coated nanotube) are critical
actors that determine if Van der Waals forces could take effect or not. The scientific merit of this paper is that we understand in what manner stable

reases are formed and what kinds of carbon materials are appropriate for acting as sole thickener.

 2016 Universidad Nacional Autónoma de México, Centro de Ciencias Aplicadas y Desarrollo Tecnológico. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction

Grease generally consists of a solid or semi-fluid two-phase
ystem that is widely used in various application areas as a
ubricant or sealant. Typical commercial greases are normally
omprised of polyalphaolefin based oil and a metal–soap thick-
ner such as lithium, calcium and aluminum (Hampton, 1969;
osemary OHalloran, 1953). The thickener is used to ensure that

he grease has a stable pseudo plastic property. In addition to the
ase oil and soap, grease contains different additives, for exam-
le, friction modifiers and extreme pressure additives. Most of
∗ Corresponding authors.
E-mail addresses: hyounes@masdar.ac.ae, hasy193@yahoo.com
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he commercial greases available in markets are nonconductive
reases, e.g. lithium grease and calcium grease are examples
f commercially available and widely used greases (Radulescu

 Radulescu, 2006). However, the rapid development in many
ndustrial sectors has increased the demands for grease with
xceptional properties. These properties include high thermal
nd electrical conductivity, resistance for corrosion and resis-
ance for high temperatures. Carbon nanotubes (CNTs) attracted
ignificant attention since they were discovered by Iijima (1991).

The remarkable structural, thermal, electrical and mechan-
cal properties of CNTs make it a potential material in many
pplication such as nanocomposites (Abueidda et al., 2015;
eupane et al., 2014; Younes et al., 2014), nanofluids (Younes,
hristensen, Hong, & Peterson, 2013; Younes, Christensen, Li,

ong, & Ghaferi, 2015; Younes, 2014) and stable nanogrease.
ong et al. (2010) successfully fabricated nanogrease by mix-

ng SWNTs and MWNTs with polyolefin oils respectively. The
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esults showed that using only 11 wt% of SWNTs increased
he thermal conductivity by 60–70% compared to that without
arbon nanotubes. Moreover, the grease was found to be electri-
ally conductive, has a high dropping point, good temperature
esistance, and does not react with copper at temperatures up to
77 ◦C.

Hongtao, Hongmin, Haiping, and Younes (2014) studied the
ribological properties of the CNT grease and compared it with
he original base oil grease. CNT grease exhibited better lubri-
ating performance and wear resistance than the base oil grease.
he performance improvement of CNT grease is attributed to

he unique hexagonal structure and the high thermal conduc-
ivity of CNTs. Chen et al. (2015) studied the friction, wear
ehavior, and wear mechanisms of in situ transformed carbon
ber toughened alumina ceramic matrix composite. Wear tests
or 20 vol% of carbon fiber toughened alumina ceramic matrix
omposite (Cf/Al2O3 composite), commercial Al2O3 ceramic
nd 40 Cr steel were conducted using a cylinder on blocks wear
ester under PAO oil and PAO + carbon nanotube (CNT) as lubri-
ants, applied at loads of 220 N and 520 N. It was found that
n situ transformed carbon fibers play a toughening role in Al2O3
eramic and the PAO + CNT lubricant has better lubricative role
han PAO oil. In previous work (Hong et al., 2010) the ability
f fabricating stable and homogeneous grease of SWNTs and
WNTs was demonstrated successfully. The successful fab-

ication is attributed to the formation of a three dimensional
etwork structure.

In this paper, five different carbon nanomaterials;
raphene/graphite, Ni-coated SWNTs, carbon nanofibers,
i-coated SWNTs/SWNTs mixture and CNFs/SWNTs were
ixed with polyolefin oil respectively to make nanogrease. The

ims of the work are (i) to better understand the assumption of
he three dimension network structure, (ii) answer the question;
hy SWNTs and MWNTs are the only successful materials to

abricate stable and homogeneous grease.

.  Materials  and  methods

Single-wall carbon nanotubes (SWNTs) and multiwall
arbon nanotubes (MWNTs) were purchased from Carbon Nan-
technologies Incorporation (CNI, Houston, Texas) and Beijing
oda Green High Tech Co. (Beijing, China). Graphene was pur-
hased from Graphene Supermarket (Calverton, New York). The
pecific surface area of the graphene is 60 m2/g and the color
s black; the purity is 97% with an average flake thickness of
–30 nm and an average particle (lateral) size of ∼5–25 �m.
arbon nanofibers (CNFs) were purchased from Pyrograf Prod-
cts, Inc. (Cedarville, Ohio). The N2 surface area (m2/g) is
5–45, dispersive surface energy (mJ/m2) is 125–145, moisture
ontent (%) is <5, iron content (ppm) is <100 and PAH con-
ent(mg PAH/g fiber) is <1. The carbon nanotubes, graphene,
arbon nanofibers were all used as received, without further

urification, functionalization or surface modification. There
ay be some impurities in the samples, such as carbon black and
etals. Ni coated SWNTs were prepared using the methodol-

gy as reported previously (Wright et al., 2007; Zhang, Franklin,

3

c

Fig. 1. Ross three-roll-mill used to make CNT-grease.

hen, & Dai, 2000). DURASYN
®

166 is a commercial polyal-
haolefin oil product purchased from Chemcentral (Chicago,
L). The magnetically sensitive Fe2O3 nanoparticles with an
verage diameter of 5–25 nm were purchased from Sigma
ldrich. A three roll mill (Ross Engineering Inc., New York) was
sed to prepare the stable and homogeneous greases (Fig. 1).

The grease containing Fe2O3 nanoparticles was prepared by
ixing the Fe2O3 particles and carbon nanotubes together in

he polyalphaolefin oil under stirring while heating, and then
lurry samples were poured into a three-roll mill. The milling
rocess was repeated 5–8 times until the slurry samples became
omogeneous greases. The general configuration of a three roll
ill machine consists of three adjacent cylindrical rollers, each

f which runs at a different velocity. The first and third rollers,
alled the feeding and apron rollers, rotate in the same direc-
ion while the center roller rotates in the opposite direction. The

aterial to be mixed is fed into the hopper, where it is drawn
etween the feed and center rollers. When pre-dispersed, the
aterial sticks to the bottom of the center roller, which transports

t into the second gap. In this gap, the material is dispersed to the
esired degree of fillers. Upon exiting, the material that remains
n the center roller moves through the second nip between the
enter roller and apron roller, which subjects it to even higher
hear force due to the higher speed of the apron roller. A knife
lade then scrapes the processed material off the apron roller
nd transfers it to the apron This milling cycle can be repeated
everal times to maximize dispersion (Pötschke et al., 2013).
e2O3 was evenly distributed through the grease structure. The
il leakage was observed visually. Digital camera images were
aken by Sony-Alpha a57 Digital SLR Camera with 18–55 mm
ens.

.  Result  and  discussion

Homogeneous and stable nanogrease have been made suc-
essfully by mixing SWNTs and MWNT respectively with
olyalphaolefin oils (DURASYN

®
166) without using chemical

urfactant as reported in previous work (Hong et al., 2010).
.1.  Grease  based  on  SWNTs  and  MWNTs

Figure 2A shows a digital camera image for nanogrease that
omprise 7.0 wt% of SWNTs. The image shows that the grease
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Fig. 2. (A) Digital camera images for nanogrease made of 7 wt%

s homogeneous and stable with no oil leaking observed from
he image. Figure 2B shows a TEM image for SWNTs that were
sed to fabricate the stable grease, it can be seen in the image
hat SWNTs are grouped into ropes and they are tangled together
nto bunches. The nanotubes have good structure and length. The
iameter of a single tube is around 1–2 nm.

Figure 3A shows a digital camera image for nanogrease made
f 20 wt% of MWNTs. The MWNTs nanogrease was found to
e very homogeneous and smooth without large chunks that are
isible by naked eye. In addition, the grease was found to be
table and no oil leaking even after 48 h. Figure 3B shows a
EM image for MWNTs, the image shows that the tubes are
ighly tangled into bunches of tubes with diameter ranges from

 to 10 nm.
Using 7.0 wt% of SWNTs was enough to make the stable and

omogeneous nanogrease, whereas 20 wt% of MWNTs were
eeded. This can be attributed to the Van der Waals forces which
re very strong in nanostructures (Pötschke et al., 2013; Yang
t al., 2012). Van der Waals forces in SWNTs are stronger than
hat in MWNTs, because of the very small diameter of 1–2 nm in
ase of SWNTs as the TEM image (Fig. 2B) tells us. In contrast,
WNTs have larger diameters of 5–10 nm as can be seen in the

EM image of Figure 3B, which makes Van der Waals forces
n the case of MWNTs weaker than the Van der Waals forces

n the case of SWNTs, because Van der Waals forces tend to
ncrease with decrease of the tube diameter. Figure 4 shows an
FM images for SWNTs grease. It can be seen in the figure that
WNTs are randomly dispersed in the grease.

W
s
o
n

Fig. 3. (A) Digital camera images for nanogrease made of 20 wt% MW
Ts, (B) TEM images for SWNTs used to make the nanogrease.

The AFM images show that the CTNs are interconnected with
ach others through a 3D network structures and this 3D network
tructure occurs either (1) tube–tube within the structure or (2)
etween neighbor bundles through their contacts. Therefore, the
D network depends on the Van der Waals forces of the nano-
ubes themselves and the ability of creating strong attractive
orces between adjacent nanotubes or adjacent bundles.

Zhbanov, Pogorelov, and Chang (2010) did an analytical inte-
rations for the potential energy for the interaction between two
dentical SWNTs as can be seen in Figure 5. It is found that
he real gap between surfaces of interacting SWNTs of differ-
nt radii in an equilibrium state is changed only slightly in the
ange d0 = 2.92–2.93 Å. After this range the potential energy
ecreases significantly. This means that Van der Waals forces
re very strong for very small radii and Figure 5 depicts that
hen the tubes radii increases Van der Waals forces decreases

ignificantly. The SWNTs that used in this study have a very
mall diameter as shown in the TEM images (Figs. 2B and 3B)
nd the AFM images (Fig. 5). It is clearly seen that SWNTs are
rouped into ropes and they are tangled together into bunches.
herefore, the distance between the tubes is very small and less

han 3 nm. At this very small distance, Van der Waals forces
re very strong, so carbon nanotubes become more associated
ith each other and also with the oil by Van der Waals forces.

e hypothesize that this leads to formation of a 3D network

tructure, and as it stated above the 3D network structure could
ccur between tubes or bundles and reserve the oil inside the 3D
etwork structure.

NTs, (B) TEM images for MWNTs used to make the nanogrease.
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Fig. 4. Atomic force microscopic image

Fig. 5. Potential energies for interaction between pairs of identical SWNTs,
γ = μ/2.
Reprinted with permission from reference Zhbanov, Pogorelov, and Chang
(
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.2.  Grease  based  on  graphene
In addition to SWNTs and MWNTs, graphene was mixed
ith the polyalphaolefin oil in an attempt to fabricate stable

p
t
i

Fig. 6. (A) Digital camera images for nanogrease made of 8 wt% graph
s for nanogrease made of SWNTs.

nd homogeneous smooth grease similar to the one which was
btained by SWNTs and MWNTs.

Figure 6A shows a digital camera image for grease made from
 wt% of graphene, but as it can be seen in the digital camera
mage the grease is not stable or homogeneous and lacked the
ame thickening ability as SWNTs grease. Oil leakage is clearly
an be seen by the image. Figure 6B shows a SEM image for
raphene that used to make the grease. The graphene that was
sed here is multilayer graphene that fabricated, according to
he vendor, using mechanical exfoliation method. The attempt to
abricate stable, homogeneous, and smooth grease from 8 wt%
f graphene was unsuccessful, which can be attributed to the
eak Van der Waals forces between graphene’s flakes. Graphene

s two dimensional multi sheets with an average flake thickness
f 5–30 nm and an average particle (lateral) size ∼5–25 �m.
an der Waals forces are defined as the sum of the molecular

nteraction for all pairs of molecules composed of one molecule
n each particle, as well as to all pairs of molecules with one

olecule in a particle and one in the surrounding medium such
s solvent (Cao, 2004).

Figure 7 shows the curve for the total potential energy of a

article. The total potential energy of a particle is the sum of
he repulsion energy and attractive (Van der Waals) forces. As
t can be seen in Figure 7, at very small tube diameter and very

ene, (B) SEM images for graphene used to make the nanogrease.
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can be seen clearly in the image. Figure 10B shows a TEM
orces). © DoITPoMS, University of Cambridge.
e-printed with permission (Cambridge).

hort distance between tubes, Van der Waals forces become very
trong and so many surfaces involved. This is the reason why
t is very hard to disperse carbon nanotubes in solvents with-
ut using surfactants or ultra-high sonication power to break the
ttraction forces among the tubes. So using high loading of CNTs
>7 wt%), carbon nanotubes become more associated with each
ther and with the oil by Van der Waals forces in the grease. We
ypothesize that this leads to formation of a three dimensional
etwork structure (Sun, Wang, & Kang, 2013). Currently avail-
ble graphene consists of mulitple layers and also has micron x
nd y dimensions so Van der Waals forces decreases dramatically
nd it becomes very hard to form the three dimensional network
tructures necessary to prevent oil leakage, which explains why
raphene is not a beneficial materials to formulate grease.

.3.  Carbon  nanofibers  grease,  CNFs/SWNTs  mixture
rease

Figure 8A shows a digital camera image for nanogrease made
f 7 wt% of CNFs. The formed grease was found to be unstable.

he oil leaked from the grease and as it can be seen clearly in the
igital camera image. CNFs grease did not have the same thick-
ning ability as the SWNTs grease or MWNTs grease. Figure 8B

i
s
p

Fig. 8. (A) Digital camera images for nanogrease made of 8 wt% C
h and Technology 14 (2016) 375–382 379

s a SEM image for CNFs that shows the fibers have good struc-
ure and length. The diameter of the carbon nanofibers is much
reater than the diameter of SWNTs.

The instability of the 7 wt% of CNFs can be attributed again
or the weakness in the Van der Waals forces between the tubes
hemselves and not between the tubes and the oil, which leads
o the inability to form the 3D network structures. CNFs have
iameters over a hundred nanometers as seen in SEM images
Fig. 8B), which decreases Van der Waals forces among them;
e hypothesize that this in turn prevents the formation of the 3D

tructures necessary to prevent oil leakage.
Figure 9A shows a digital camera image for nanogrease made

f a mixture of SWNTs and CNFs. SWNTs were added to the
NFs grease in order to help in making stable and homogeneous
rease. Nonetheless, as it can be seen in the digital camera image
he formed grease is inhomogeneous and unstable. Oil leaking
an be seen clearly in the digital camera image. The grease took
irtually two days before the leakage occurred. Figure 9B is a
EM image for CNFs. SWNTs were mixed with CNFs grease

n order to help in making stable and homogeneous grease.
he formed grease was stable and homogeneous for two days,
ut after that, the formed grease seemed to be inhomogeneous,
nstable and started to leak. Oil leaking can be seen clearly in
he digital camera image (Fig. 9A). Obtaining a homogeneous

ixture from SWNTs and CNFs is a very difficult process and
e hypothesize this is possibly due to the strong Van der Waals

orces between SWNTs, which make it hard to mix SWNTs
ith CNFs. The weak Van der Waals forces between CNFs due

o the large diameter of CNFs shown in Figure 9B could make it
lso very hard to form the proposed three dimensional network
tructures consisting of the two materials.

.4.  Grease  based  on  fullerene

Figure 10A shows a digital camera image for grease made
rom 8 wt% of fullerene, but as can be seen in the digital camera
mage the grease is not stable or homogeneous and did not have
he same thickening ability as the SWNTs grease. The oil leakage
mage for fullerenes; it can be seen that fullerenes have spherical
tructure with large diameter so the voids between the spherical
articles will be large compared to SWNTs. In addition, although

NFs, (B) SEM images CNFs used to make the nanogrease.
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Fig. 9. (A) Digital camera images for nanogrease made of a mixture o

he edges of the spheres may still touch each other, but there are
till larger voids and less surface interaction. As can be seen in
igure 5 with large distance between particles, Van der Waals
orces are weak and as a result the 3D network could not be
ormed.

.5.  Grease  based  on  Ni-coated  SWNTs

Figure 11A shows a digital camera image for grease made
rom 8 wt% of Ni-coated SWNTs, but as can be seen in the digital
amera image the grease is not stable or homogeneous and did
ot have the same thickening ability as the SWNTs grease. The
il leakage can be seen clearly in the image. Figure 11B is a
EM image for one tube of Ni-coated SWNTs, and the image
hows that the tube has a uniform coating of Ni.

9 wt% Ni-coated SWNTs were added to Durasyn 166 in an
ttempt to produce stable and homogeneous nanogrease. It was
ound that Ni-coated SWNTs did not have the same thickening
bility as the pristine SWNTs. Thus, the weight ratio of the Ni-
oated nanotubes was increased in order to have grease with
hickening ability such as the pristine SWNTs. The mixture was
eheated and the total Ni-coated SWNT concentration was taken
p to roughly 16.5 wt%. No significant change in the thickness of
he mixture was found. The total potential energy of a particle is

efined as the sum of the repulsion and attractive (van der Waals)
nergies as can be seen in Figure 6. In Ni-coated SWNTs case,
he presence of the Ni increases the repulsion forces because
f increasing the surface energy; as a result, formation of the

u
T
a
n

Fig. 10. (A) Digital camera images for nanogrease made of 8 wt% of fu
Fs and SWNTs, (B) SEM image CNFs used to make the nanogrease.

roposed 3D network structure is less likely. Higher surface
nergy does not allow the oil to effectively wet the surface. The
il could not wet the surface of Ni-coated nanotubes and the
hree dimensional network could not be formed.

.6.  The  effect  of  using  Fe2O3 nanoparticles  and  magnetic
eld on  the  thermal  conductivity  of  the  SWNTs  grease

The thermal conductivity of the SWNTs grease was measured
nd the effect of using different concentration of Fe2O3 nanopar-
icles on the thermal conductivity of SWNTs grease at different

agnetic field strength was studied. Table 1 shows the thermal
onductivity for 10 wt% SWNTs versus time under different
agnetic field strengths and different Fe2O3 loading concentra-

ions of 1 wt%, 5 wt%, 10 wt%, and 20 wt%. It can be seen that
here is no significant change on the thermal conductivity of the
0 wt% SWNTs with using different loading concentrations of
e2O3 nanoparticles and different magnetic field strengths. The
ormation of a three dimensional network due to van der Waals
orces could explain the TC results shown in Table 1. The strong
ntanglement between CNTs with each other due to van der
aals forces hinders the movement of CNTs under an applied
agnetic field and prevents alignment, which is observed in the

ase of nanofluids (Inoue, Gunjishima, & Okamoto, 2007). Even

nder the strong external magnetic field, there is no significant
C enhancement observed. Also the slight increased for the TC
t 20 wt% Fe2O3 is due to the higher concentration of Fe2O3
anoparticles. It is known that Fe2O3 nanoparticles have a high

llerene, (B) TEM images fullerene used to make the nanogrease.
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Fig. 11. (A) Digital camera images for nanogrease made of 16.5 wt% Ni-coated SWNTs, (B) TEM images Ni-coated SWNTs used to make the nanogrease.

Table 1
Thermal conductivity values in different magnetic fields with 10 wt% single wall nanotube and different weight percentages of Fe2O3 nanoparticles.

Magnetic field (kG) TC average value with different Fe2O3 concentrations (W/m K)

1 wt% Fe2O3 5 wt% Fe2O3 10 wt% Fe2O3 20 wt% Fe2O3

0.17 N/A 0.28 0.29 0.30
0
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.47 N/A 0.28 

.68 0.26 0.28 

C value around hundreds of W/m K higher concentration of
e2O3 increases the chances for particles to contact each other,
ence the enhanced in TC is observed. The high viscosity of
he SWNT grease is another possible reason for not observing a
hange of the thermal conductivity, since the high viscosity of
he grease could impedes the movement of SWNTs.

In recent times, only 1.9 wt% nanotube was required to make
he stable grease, compared to previous usage of 7–11 wt%. The
ropping point is >650 (F). They are normal grease with pen-
tration 288 (265–295 is regarded as normal grease by NLGI
lassification) (Waynick, 2013). It will be very interesting to
nvestigate why different carbon nanotubes would make the
ignificant differences in grease performance!

.  Conclusion

Greases were made by mixing DuraSyn 166 oil with
WNT, MWNT, CNF, graphene, Ni-coated SWNT, Ni-coated
WNT/SWNT mixture and CNF/SWNT. Only SWNT, MWNT
nd Ni-coated SWNT/SWNT mixtures could form stable and
omogeneous greases. The 3D network structure is believed to
e the main reason for the stable and homogeneous grease. Some
il leakage was observed in CNF grease, probably because of
he weak Van der Waals forces between CNF that has big diam-
ter (um level) compared to nano level diameter of SWNT and
WNT. In addition, it has less surface area as well and the sur-

ace area per gram of carbon is less, therefore less oil is required
o coat the surface. The structure is disrupted and the voids are

arger, but the internal forces cannot hold sufficient oil to fill
hese large voids. The two-dimensional and multiple sheet struc-
ure of graphene make Van Der Waals force too weak to form
D network structures, and thus making stable grease difficult

N
D
D

0.30 0.30
0.29 0.30

s well. The grease made of CNFs/SWNTs mixture was also
nstable, possibly due to voids in the grease between CNFs that
ould not be filled with SWNTs. In addition, SWNTs were not
ixed thoroughly with CNFs due to the strong Van Der Waals

orces between SWNTs. The Ni-coated SWNT based greases
ere not stable at any concentration because of the repulsion

orces between Ni on the surface of SWNTs, whereas mixing Ni-
oated SWNTs with SWNTs at a ratio of 3 to 1 obtained stable
rease. The TC of SWNTs based greases with different load of
e2O3 nanoparticles did not change under an applied magnetic
eld as it is observed before with nanofluids. It is assumed that no
hange was noticed due to the pull of the magnetic field being
eaker than the strength of the 3-D network structures. The

xperimental results demonstrate that three dimensional (3D)
ercolation network structures is the key to form stable carbon
anogrease. Since carbon nanogrease has many promising prop-
rties such as enhanced thermal and electrical conductivities and
igh temperature resistance, the present study opens the way to
etter understand the nature of this novel grease based on the
ano scale.
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