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Abstract

Nano grease is found to be stable and homogeneous (wherein carbon nanotubes act as sole thickeners and oil is polyalphaolefin (PAO)). This is
a good indication that three dimensional (3D) percolation network structures among carbon nanotubes (single wall and multi wall) play a crucial
role in stabilization. To better understand this assumption and provide further evidence, some additional carbon nanomaterials, such as carbon
nanofiber (CNF), graphene, fullerene (Cgp), Ni-coated single wall carbon nanotube (SWNT), are selected to make the grease. Unfortunately, CNF,
graphene, fullerene (Cgp) and Ni-coated SWNT do not form stable greases as nanotubes do. In addition, SWNTs were mixed with CNF and
Ni-coated SWNT respectively to see if stable grease could be formed. The results indicate that the CNF/SWNT did not form the stable grease,
while Ni-coated SWNT/SWNT did. Inter molecular Van der Waals forces could reasonably explain these experimental results. Appropriate tube
size (nanotube and nanofiber), stereo structure (nanotube, graphene and fullerene), surface energy (nanotube and Ni-coated nanotube) are critical
factors 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
greases are formed and what kinds of carbon materials are appropriate for acting as sole thickener.
© 2016 Universidad Nacional Auténoma de México, Centro de Ciencias Aplicadas y Desarrollo Tecnoldgico. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Grease generally consists of a solid or semi-fluid two-phase
system that is widely used in various application areas as a
lubricant or sealant. Typical commercial greases are normally
comprised of polyalphaolefin based oil and a metal-soap thick-
ener such as lithium, calcium and aluminum (Hampton, 1969;
Rosemary OHalloran, 1953). The thickener is used to ensure that
the grease has a stable pseudo plastic property. In addition to the
base oil and soap, grease contains different additives, for exam-
ple, friction modifiers and extreme pressure additives. Most of
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the commercial greases available in markets are nonconductive
greases, e.g. lithium grease and calcium grease are examples
of commercially available and widely used greases (Radulescu
& Radulescu, 2006). However, the rapid development in many
industrial sectors has increased the demands for grease with
exceptional properties. These properties include high thermal
and electrical conductivity, resistance for corrosion and resis-
tance for high temperatures. Carbon nanotubes (CNTs) attracted
significant attention since they were discovered by Iijima (1991).

The remarkable structural, thermal, electrical and mechan-
ical properties of CNTs make it a potential material in many
application such as nanocomposites (Abueidda et al., 2015;
Neupane et al., 2014; Younes et al., 2014), nanofluids (Younes,
Christensen, Hong, & Peterson, 2013; Younes, Christensen, Li,
Hong, & Ghaferi, 2015; Younes, 2014) and stable nanogrease.
Hong et al. (2010) successfully fabricated nanogrease by mix-
ing SWNTs and MWNTs with polyolefin oils respectively. The

1665-6423/© 2016 Universidad Nacional Auténoma de México, Centro de Ciencias Aplicadas y Desarrollo Tecnolégico. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jart.2016.09.002&domain=pdf
http://www.sciencedirect.com/science/journal/00000000
http://www.jart.ccadet.unam.mx
dx.doi.org/10.1016/j.jart.2016.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hyounes@masdar.ac.ae
mailto:hasy193@yahoo.com
dx.doi.org/10.1016/j.jart.2016.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/

376 H. Younes et al. / Journal of Applied Research and Technology 14 (2016) 375-382

results showed that using only 11 wt% of SWNTs increased
the thermal conductivity by 60-70% compared to that without
carbon nanotubes. Moreover, the grease was found to be electri-
cally conductive, has a high dropping point, good temperature
resistance, and does not react with copper at temperatures up to
177°C.

Hongtao, Hongmin, Haiping, and Younes (2014) studied the
tribological properties of the CNT grease and compared it with
the original base oil grease. CNT grease exhibited better lubri-
cating performance and wear resistance than the base oil grease.
The performance improvement of CNT grease is attributed to
the unique hexagonal structure and the high thermal conduc-
tivity of CNTs. Chen et al. (2015) studied the friction, wear
behavior, and wear mechanisms of in situ transformed carbon
fiber toughened alumina ceramic matrix composite. Wear tests
for 20 vol% of carbon fiber toughened alumina ceramic matrix
composite (Cf/Al,O3 composite), commercial Al,O3 ceramic
and 40 Cr steel were conducted using a cylinder on blocks wear
tester under PAO oil and PAO + carbon nanotube (CNT) as lubri-
cants, applied at loads of 220N and 520 N. It was found that
in situ transformed carbon fibers play a toughening role in Al, O3
ceramic and the PAO + CNT lubricant has better lubricative role
than PAO oil. In previous work (Hong et al., 2010) the ability
of fabricating stable and homogeneous grease of SWNTs and
MWNTs was demonstrated successfully. The successful fab-
rication is attributed to the formation of a three dimensional
network structure.

In this paper, five different carbon nanomaterials;
graphene/graphite, Ni-coated SWNTSs, carbon nanofibers,
Ni-coated SWNTs/SWNTs mixture and CNFs/SWNTs were
mixed with polyolefin oil respectively to make nanogrease. The
aims of the work are (i) to better understand the assumption of
the three dimension network structure, (ii) answer the question;
why SWNTs and MWNTs are the only successful materials to
fabricate stable and homogeneous grease.

2. Materials and methods

Single-wall carbon nanotubes (SWNTs) and multiwall
carbon nanotubes (MWNTSs) were purchased from Carbon Nan-
otechnologies Incorporation (CNI, Houston, Texas) and Beijing
Boda Green High Tech Co. (Beijing, China). Graphene was pur-
chased from Graphene Supermarket (Calverton, New York). The
specific surface area of the graphene is 60 m?/g and the color
is black; the purity is 97% with an average flake thickness of
5-30nm and an average particle (lateral) size of ~5-25 pum.
Carbon nanofibers (CNFs) were purchased from Pyrograf Prod-
ucts, Inc. (Cedarville, Ohio). The N, surface area (m?/g) is
35-45, dispersive surface energy (mJ/m?) is 125-145, moisture
content (%) is <95, iron content (ppm) is <100 and PAH con-
tent(mg PAH/g fiber) is <1. The carbon nanotubes, graphene,
carbon nanofibers were all used as received, without further
purification, functionalization or surface modification. There
may be some impurities in the samples, such as carbon black and
metals. Ni coated SWNTs were prepared using the methodol-
ogy as reported previously (Wright et al., 2007; Zhang, Franklin,

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

Chen, & Dai, 2000). DURASYN® 166 is a commercial polyal-
phaolefin oil product purchased from Chemcentral (Chicago,
IL). The magnetically sensitive Fe,O3 nanoparticles with an
average diameter of 5-25nm were purchased from Sigma
Aldrich. A three roll mill (Ross Engineering Inc., New York) was
used to prepare the stable and homogeneous greases (Fig. 1).

The grease containing Fe, O3 nanoparticles was prepared by
mixing the Fe;O3 particles and carbon nanotubes together in
the polyalphaolefin oil under stirring while heating, and then
slurry samples were poured into a three-roll mill. The milling
process was repeated 5—8 times until the slurry samples became
homogeneous greases. The general configuration of a three roll
mill machine consists of three adjacent cylindrical rollers, each
of which runs at a different velocity. The first and third rollers,
called the feeding and apron rollers, rotate in the same direc-
tion while the center roller rotates in the opposite direction. The
material to be mixed is fed into the hopper, where it is drawn
between the feed and center rollers. When pre-dispersed, the
material sticks to the bottom of the center roller, which transports
it into the second gap. In this gap, the material is dispersed to the
desired degree of fillers. Upon exiting, the material that remains
on the center roller moves through the second nip between the
center roller and apron roller, which subjects it to even higher
shear force due to the higher speed of the apron roller. A knife
blade then scrapes the processed material off the apron roller
and transfers it to the apron This milling cycle can be repeated
several times to maximize dispersion (Potschke et al., 2013).
Fe,O3; was evenly distributed through the grease structure. The
oil leakage was observed visually. Digital camera images were
taken by Sony-Alpha a57 Digital SLR Camera with 18-55 mm
Lens.

3. Result and discussion

Homogeneous and stable nanogrease have been made suc-
cessfully by mixing SWNTs and MWNT respectively with
polyalphaolefin oils (DURASYN® 166) without using chemical
surfactant as reported in previous work (Hong et al., 2010).

3.1. Grease based on SWNTs and MWNTs

Figure 2A shows a digital camera image for nanogrease that
comprise 7.0 wt% of SWNTs. The image shows that the grease
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SWNTs grease

Fig. 2. (A) Digital camera images for nanogrease made of 7 wt% SWNTSs, (B) TEM images for SWNTs used to make the nanogrease.

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

Figure 3A shows a digital camera image for nanogrease made
of 20 wt% of MWNTs. The MWNTSs nanogrease was found to
be very homogeneous and smooth without large chunks that are
visible by naked eye. In addition, the grease was found to be
stable and no oil leaking even after 48 h. Figure 3B shows a
TEM image for MWNTs, the image shows that the tubes are
highly tangled into bunches of tubes with diameter ranges from
5 to 10 nm.

Using 7.0 wt% of SWNTs was enough to make the stable and
homogeneous nanogrease, whereas 20 wt% of MWNTs were
needed. This can be attributed to the Van der Waals forces which
are very strong in nanostructures (Potschke et al., 2013; Yang
et al., 2012). Van der Waals forces in SWNTSs are stronger than
that in MWNTs, because of the very small diameter of 1-2 nm in
case of SWNTs as the TEM image (Fig. 2B) tells us. In contrast,
MWNTs have larger diameters of 5-10 nm as can be seen in the
TEM image of Figure 3B, which makes Van der Waals forces
in the case of MWNTs weaker than the Van der Waals forces
in the case of SWNTSs, because Van der Waals forces tend to
increase with decrease of the tube diameter. Figure 4 shows an
AFM images for SWNTs grease. It can be seen in the figure that
SWNTs are randomly dispersed in the grease.

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

Zhbanov, Pogorelov, and Chang (2010) did an analytical inte-
grations for the potential energy for the interaction between two
identical SWNTs as can be seen in Figure 5. It is found that
the real gap between surfaces of interacting SWNTs of differ-
ent radii in an equilibrium state is changed only slightly in the
range dp=2.92-2.93 A. After this range the potential energy
decreases significantly. This means that Van der Waals forces
are very strong for very small radii and Figure 5 depicts that
when the tubes radii increases Van der Waals forces decreases
significantly. The SWNTs that used in this study have a very
small diameter as shown in the TEM images (Figs. 2B and 3B)
and the AFM images (Fig. 5). It is clearly seen that SWNTs are
grouped into ropes and they are tangled together into bunches.
Therefore, the distance between the tubes is very small and less
than 3nm. At this very small distance, Van der Waals forces
are very strong, so carbon nanotubes become more associated
with each other and also with the oil by Van der Waals forces.
We hypothesize that this leads to formation of a 3D network
structure, and as it stated above the 3D network structure could
occur between tubes or bundles and reserve the oil inside the 3D
network structure.

Fig. 3. (A) Digital camera images for nanogrease made of 20 wt% MWNTs, (B) TEM images for MWNTs used to make the nanogrease.
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Fig. 4. Atomic force microscopic images for nanogrease made of SWNTs.
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Fig. 5. Potential energies for interaction between pairs of identical SWNTs,
y=ul2.
Reprinted with permission from reference Zhbanov, Pogorelov, and Chang
(2010).

3.2. Grease based on graphene

In addition to SWNTs and MWNTs, graphene was mixed
with the polyalphaolefin oil in an attempt to fabricate stable

Graphene

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

Figure 6A shows a digital camera image for grease made from
8 wt% of graphene, but as it can be seen in the digital camera
image the grease is not stable or homogeneous and lacked the
same thickening ability as SWNTs grease. Oil leakage is clearly
can be seen by the image. Figure 6B shows a SEM image for
graphene that used to make the grease. The graphene that was
used here is multilayer graphene that fabricated, according to
the vendor, using mechanical exfoliation method. The attempt to
fabricate stable, homogeneous, and smooth grease from 8 wt%
of graphene was unsuccessful, which can be attributed to the
weak Van der Waals forces between graphene’s flakes. Graphene
is two dimensional multi sheets with an average flake thickness
of 5-30nm and an average particle (lateral) size ~5-25 pm.
Van der Waals forces are defined as the sum of the molecular
interaction for all pairs of molecules composed of one molecule
in each particle, as well as to all pairs of molecules with one
molecule in a particle and one in the surrounding medium such
as solvent (Cao, 2004).

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

Fig. 6. (A) Digital camera images for nanogrease made of 8 wt% graphene, (B) SEM images for graphene used to make the nanogrease.
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Fig. 7. A general total potential energy curve (repulsion forces + attractive
forces). © DoITPoMS, University of Cambridge.
Re-printed with permission (Cambridge).

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

3.3. Carbon nanofibers grease, CNFs/SWNTs mixture
grease

Figure 8 A shows a digital camera image for nanogrease made
of 7 wt% of CNFs. The formed grease was found to be unstable.
The oil leaked from the grease and as it can be seen clearly in the
digital camera image. CNFs grease did not have the same thick-
ening ability as the SWNTs grease or MWNTs grease. Figure 8B

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

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

Figure 9A shows a digital camera image for nanogrease made
of a mixture of SWNTs and CNFs. SWNTs were added to the
CNFs grease in order to help in making stable and homogeneous
grease. Nonetheless, as it can be seen in the digital camera image
the formed grease is inhomogeneous and unstable. Oil leaking
can be seen clearly in the digital camera image. The grease took
virtually two days before the leakage occurred. Figure 9B is a
SEM image for CNFs. SWNTs were mixed with CNFs grease
in order to help in making stable and homogeneous grease.
The formed grease was stable and homogeneous for two days,
but after that, the formed grease seemed to be inhomogeneous,
unstable and started to leak. Oil leaking can be seen clearly in
the digital camera image (Fig. 9A). Obtaining a homogeneous
mixture from SWNTs and CNFs is a very difficult process and
we hypothesize this is possibly due to the strong Van der Waals
forces between SWNTSs, which make it hard to mix SWNTs
with CNFs. The weak Van der Waals forces between CNFs due
to the large diameter of CNFs shown in Figure 9B could make it
also very hard to form the proposed three dimensional network
structures consisting of the two materials.

3.4. Grease based on fullerene

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

um

Fig. 8. (A) Digital camera images for nanogrease made of 8 wt% CNFs, (B) SEM images CNFs used to make the nanogrease.
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CNF+SWNTs grease

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

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

3.5. Grease based on Ni-coated SWNTs

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

9 wt% Ni-coated SWNTs were added to Durasyn 166 in an
attempt to produce stable and homogeneous nanogrease. It was
found that Ni-coated SWNTs did not have the same thickening
ability as the pristine SWNTs. Thus, the weight ratio of the Ni-
coated nanotubes was increased in order to have grease with
thickening ability such as the pristine SWNTs. The mixture was
reheated and the total Ni-coated SWNT concentration was taken
up to roughly 16.5 wt%. No significant change in the thickness of
the mixture was found. The total potential energy of a particle is
defined as the sum of the repulsion and attractive (van der Waals)
energies as can be seen in Figure 6. In Ni-coated SWNTs case,
the presence of the Ni increases the repulsion forces because
of increasing the surface energy; as a result, formation of the

Fullerene

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

3.6. The effect of using Fe>O3 nanoparticles and magnetic
field on the thermal conductivity of the SWNTs grease

The thermal conductivity of the SWNTs grease was measured
and the effect of using different concentration of Fe;O3 nanopar-
ticles on the thermal conductivity of SWNTs grease at different
magnetic field strength was studied. Table 1 shows the thermal
conductivity for 10 wt% SWNTs versus time under different
magnetic field strengths and different Fe, O3 loading concentra-
tions of 1 wt%, 5 wt%, 10 wt%, and 20 wt%. It can be seen that
there is no significant change on the thermal conductivity of the
10 wt% SWNTs with using different loading concentrations of
Fe, O3 nanoparticles and different magnetic field strengths. The
formation of a three dimensional network due to van der Waals
forces could explain the TC results shown in Table 1. The strong
entanglement between CNTs with each other due to van der
Waals forces hinders the movement of CNTs under an applied
magnetic field and prevents alignment, which is observed in the
case of nanofluids (Inoue, Gunjishima, & Okamoto, 2007). Even
under the strong external magnetic field, there is no significant
TC enhancement observed. Also the slight increased for the TC
at 20 wt% Fe,O3 is due to the higher concentration of Fe;O3
nanoparticles. It is known that Fe; O3 nanoparticles have a high

Fullerene

Fig. 10. (A) Digital camera images for nanogrease made of 8 wt% of fullerene, (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 Fe;O3 nanoparticles.

Magpnetic field (kG) TC average value with different Fe,O3 concentrations (W/m K)
1 wt% Fe, 03 5 wt% Fe,03 10 wt% Fe, O3 20 wt% Fe, O3
0.17 N/A 0.28 0.29 0.30
0.47 N/A 0.28 0.30 0.30
0.68 0.26 0.28 0.29 0.30

TC value around hundreds of W/mK higher concentration of
Fe,> O3 increases the chances for particles to contact each other,
hence the enhanced in TC is observed. The high viscosity of
the SWNT grease is another possible reason for not observing a
change of the thermal conductivity, since the high viscosity of
the grease could impedes the movement of SWNTs.

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

4. Conclusion

Greases were made by mixing DuraSyn 166 oil with
SWNT, MWNT, CNF, graphene, Ni-coated SWNT, Ni-coated
SWNT/SWNT mixture and CNF/SWNT. Only SWNT, MWNT
and Ni-coated SWNT/SWNT mixtures could form stable and
homogeneous greases. The 3D network structure is believed to
be the main reason for the stable and homogeneous grease. Some
oil leakage was observed in CNF grease, probably because of
the weak Van der Waals forces between CNF that has big diam-
eter (um level) compared to nano level diameter of SWNT and
MWNT. In addition, it has less surface area as well and the sur-
face area per gram of carbon is less, therefore less oil is required
to coat the surface. The structure is disrupted and the voids are
larger, but the internal forces cannot hold sufficient oil to fill
these large voids. The two-dimensional and multiple sheet struc-
ture of graphene make Van Der Waals force too weak to form
3D network structures, and thus making stable grease difficult

as well. The grease made of CNFs/SWNTs mixture was also
unstable, possibly due to voids in the grease between CNFs that
could not be filled with SWNTs. In addition, SWNTs were not
mixed thoroughly with CNFs due to the strong Van Der Waals
forces between SWNTs. The Ni-coated SWNT based greases
were not stable at any concentration because of the repulsion
forces between Ni on the surface of SWNTs, whereas mixing Ni-
coated SWNTs with SWNTs at a ratio of 3 to 1 obtained stable
grease. The TC of SWNTs based greases with different load of
Fe, O3 nanoparticles did not change under an applied magnetic
field as it is observed before with nanofluids. Itis assumed that no
change was noticed due to the pull of the magnetic field being
weaker than the strength of the 3-D network structures. The
experimental results demonstrate that three dimensional (3D)
percolation network structures is the key to form stable carbon
nanogrease. Since carbon nanogrease has many promising prop-
erties such as enhanced thermal and electrical conductivities and
high temperature resistance, the present study opens the way to
better understand the nature of this novel grease based on the
nano scale.

Conlflict of interest

The authors have no conflicts of interest to declare.

Acknowledgements

The financial support of Army Research Lab (Cooperative
agreement W911NF-08-2-0022) and NASA EPSCoR (award
No. NNX09AUS83A) are acknowledged. Thanks to Dr. Edward
Duke for assistance with the optical microscope and thanks for
Dustin Thomas for the thermal conductivity measurements.



382 H. Younes et al. / Journal of Applied Research and Technology 14 (2016) 375-382

References

Abueidda, D. W., Al-Rub, R. K. A., Dalaq, A. S., Younes, H. A., Al Ghaferi, A.
A., & Shah, T. K. (2015). Electrical conductivity of 3D periodic architec-
tured interpenetrating phase composites with carbon nanostructured-epoxy
reinforcements. Composites Science and Technology, 118, 127-134.

Cambridge, U. o. Atomic Force Microscopy/Tip Surface Interaction.

Cao, G. (2004). Nanostructures & nanomaterials synthesis, properties & appli-
cations (1st ed.). University of Washington, USA: Imperial College Press.

Chen, H., Ren, J., Du, F,, Zhao, F, Pan, J., Wang, C., ..., & Hong, H. (2015).
Friction and wear behaviour of in-situ transformed C¢/Al,O3 composite
under different lubrication conditions. Wear, 332, 918-925.

Hampton, J.W. (1969). High dropping point aluminum grease: Google Patents.

Hong, H., Thomas, D., Waynick, A., Yu, W., Smith, P., & Roy, W. (2010). Carbon
nanotube grease with enhanced thermal and electrical conductivities. Journal
of Nanoparticle Research, 12(2), 529-535.

Hongtao, L., Hongmin, J., Haiping, H., & Younes, H. (2014). Tribological
properties of carbon nanotube grease. Industrial Lubrication and Tribology,
66(5), 579-583. http://dx.doi.org/10.1108/i1t-08-2012-007 1

Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354(6348),
56-58.

Inoue, T., Gunjishima, I., & Okamoto, A. (2007). Synthesis of diameter-
controlled carbon nanotubes using centrifugally classified nanoparticle
catalysts. Carbon, 45(11), 2164-2170.

Neupane, S., Khatiwada, S., Jaye, C., Fischer, D. A., Younes, H., Hong, H.,
..., & Seifu, D. (2014). Single-walled carbon nanotubes coated by Fe, O3
nanoparticles with enhanced magnetic properties. ECS Journal of Solid State
Science and Technology, 3(8), M39-M44.

Potschke, P., Krause, B., Buschhorn, S. T., Kopke, U., Miiller, M. T., Villmow,
T., & Schulte, K. (2013). Improvement of carbon nanotube dispersion in
thermoplastic composites using a three roll mill at elevated temperatures.
Composites Science and Technology, 74, 78-84.

Radulescu, A., & Radulescu, I. (2006). Rheological models for lithium and
calcium greases. Mechanika (Kaunas), (3), 67-70.

Rosemary OHalloran, Roselle Park, N. L. (1953) Lithium-calcium lubricating
grease composition. Google Patents. US 2641577 A.

Sun, T., Wang, J., & Kang, W. (2013). Van der Waals interaction-tuned heat
transfer in nanostructures. Nanoscale, 5(1), 128—133.

Waynick, J. A. (2013). Development of technology for producing lubricant
grease using single wall carbon nanotubes (3).

Wright, B., Thomas, D., Hong, H., Groven, L., Puszynski, J., Duke, E., ..., &
Jin, S. (2007). Magnetic field enhanced thermal conductivity in heat trans-
fer nanofluids containing Ni coated single wall carbon nanotubes. Applied
Physics Letters, 91(17), 173116/173111-173116/173113.

Yang, J., Yang, Y., Waltermire, S. W., Wu, X., Zhang, H., Gutu, T, . . ., & Prasher,
R. (2012). Enhanced and switchable nanoscale thermal conduction due to
van der Waals interfaces. Nature Nanotechnology, 7(2), 91-95.

Younes, H. (2014). Carbon Nanomaterials and Metal Oxide Nanoparticles and
Their Applications Toward Grease and Nanofluids (Ph.D. Dissertation).
Younes, H., Christensen, G., Hong, H., & Peterson, G. (2013). Alignment of
different functionalized single wall carbon nanotubes using Fe; O3 nanopar-

ticles under external magnetic field. Journal of Nanofluids, 2(1), 4-10.

Younes, H., Christensen, G., Liu, M., Hong, H., Yang, Q., & Lin, Z. (2014).
Alignment of carbon nanofibers in water and epoxy by external magnetic
field. Journal of Nanofluids, 3(1), 33-37.

Younes, H., Christensen, G., Li, D., Hong, H., & Ghaferi, A. A. (2015).
Thermal conductivity of nanofluids: Review. Journal of Nanofluids, 4(2),
107-132.

Zhang, Y., Franklin, N. W., Chen, R. J., & Dai, H. (2000). Metal coating on
suspended carbon nanotubes and its implication to metal—tube interaction.
Chemical Physics Letters, 331(1), 35-41.

Zhbanov, A. L., Pogorelov, E. G., & Chang, Y.-C. (2010). Van der Waals
interaction between two crossed carbon nanotubes. ACS Nano, 4(10),
5937-5945.


http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0005
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0015
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0020
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0030
dx.doi.org/10.1108/ilt-08-2012-0071
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0040
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0045
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0055
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0060
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0065
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0070
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0075
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0080
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0085
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0090
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0095
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0105
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0100
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0110
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115
http://refhub.elsevier.com/S1665-6423(16)30090-6/sbref0115

	Three dimensional (3D) percolation network structure: Key to form stable carbon nano grease
	1 Introduction
	2 Materials and methods
	3 Result and discussion
	3.1 Grease based on SWNTs and MWNTs
	3.2 Grease based on graphene
	3.3 Carbon nanofibers grease, CNFs/SWNTs mixture grease
	3.4 Grease based on fullerene
	3.5 Grease based on Ni-coated SWNTs
	3.6 The effect of using Fe2O3 nanoparticles and magnetic field on the thermal conductivity of the SWNTs grease

	4 Conclusion
	Conflict of interest
	Acknowledgements
	References


