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Abstract

The use of nanofluids in a wide variety of applications is promising, but poor suspension stability of nanoparticles in the solution
hinders the further development of nanofluids applications. The present study aims to provide a fundamental understanding
of the thermal and viscosity properties of inhomogeneous fluids with suspended graphene nanoparticles. A graphite material is
exfoliated to form graphene particles, and the effect of nanoparticle volume fraction on the material properties of inhomogeneous
fluids with suspended graphene nanoparticles is investigated at different temperatures or under oxidation conditions. Particular
emphasis is placed upon the effect of nanoparticle volume fraction on the material properties of inhomogeneous fluids with
suspended graphene nanoparticles. The results indicate that the bottom-up approach produces low quantities with high quality
and large flakes whereas the top-down approach yields a high concentration of suspended flakes with a low yield of mono-layer
graphene. Smaller dispersions result in ease of addition of graphene to other desirable emulsions to enhance the uniform coating
matrix for protection attributes graphene can provide to the coating. The pressure drop allows the liquid precursor to flow
and homogenizes the pass-through liquid of the liquid precursor that contains thin layers of graphene. The phonon Raman
scattering changes are correlated with structural changes and defects associated with the hydroxyl and epoxy groups in the basal
plane and a variety of alkyl and oxygen-containing functional groups terminating the edges. Graphene-containing nanofluids
provide several advantages over the conventional fluids, including thermal conductivities far above those of traditional solid-
liquid suspensions, a nonlinear relationship between thermal conductivity and concentration, strongly temperature-dependent
thermal conductivity, and a significant increase in critical heat flux. Stability of the nanoparticle suspension is especially
essential for practical industrial applications. Introduction of nanoparticles to the fluid changes density, thermal conductivity
viscosity, and specific heat. The functionalization process decreases enhancements in thermal conductivity due to formation of
surface oxides. In development of nanofluids for heat transfer a fine balance needs to be obtained between increases in thermal
conductivity and viscosity.
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suspended graphene nanoparticles. A graphite material is exfoliated to form graphene particles, and the
effect of nanoparticle volume fraction on the material properties of inhomogeneous fluids with suspended
graphene nanoparticles is investigated at different temperatures or under oxidation conditions. Particular
emphasis is placed upon the effect of nanoparticle volume fraction on the material properties of inhomo-
geneous fluids with suspended graphene nanoparticles. The results indicate that the bottom-up approach
produces low quantities with high quality and large flakes whereas the top-down approach yields a high
concentration of suspended flakes with a low yield of mono-layer graphene. Smaller dispersions result in
ease of addition of graphene to other desirable emulsions to enhance the uniform coating matrix for protec-
tion attributes graphene can provide to the coating. The pressure drop allows the liquid precursor to flow
and homogenizes the pass-through liquid of the liquid precursor that contains thin layers of graphene. The
phonon Raman scattering changes are correlated with structural changes and defects associated with the
hydroxyl and epoxy groups in the basal plane and a variety of alkyl and oxygen-containing functional groups
terminating the edges. Graphene-containing nanofluids provide several advantages over the conventional
fluids, including thermal conductivities far above those of traditional solid-liquid suspensions, a nonlinear
relationship between thermal conductivity and concentration, strongly temperature-dependent thermal con-
ductivity, and a significant increase in critical heat flux. Stability of the nanoparticle suspension is especially
essential for practical industrial applications. Introduction of nanoparticles to the fluid changes density,
thermal conductivity viscosity, and specific heat. The functionalization process decreases enhancements in
thermal conductivity due to formation of surface oxides. In development of nanofluids for heat transfer a
fine balance needs to be obtained between increases in thermal conductivity and viscosity.
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1. Introduction

Graphene has better electrical conductivity [1, 2], thermal conductivity [3, 4], and mechanical strength than
such metals as copper and aluminum [5, 6], and exhibits optically transparent nature [7, 8]. Graphene
has a structure of stacking honeycomb layers. In order to maintain ideally the characteristics, it should be
formed with single layer and have large area. Graphene has such good characteristics, so it is suitable for
semiconductors [9], nuclear fusion reactors [10], base material of secondary batteries [11], base material of
clear electrodes for displays and cellphones [12], and it is expected that applications of graphene will be
broadened [13, 14]. In particular, since graphene has good electrical conductivity and transparency, it is an
ideal material for transparent electrodes of display devices.

Chemical vapor deposition is a general method for manufacturing large-area graphene [15, 16]. However,
there have been difficulties in commercializing the manufacturing method because it requires high-cost despite
of low productivity [17, 18]. Nevertheless, research for applying graphene to transparent electrodes is widely
progressed [19, 20], because graphene manufactured by chemical vapor deposition is suitable for transparent
electrodes of displays and cellphones which require high conductivity and visible ray transparency [21, 22].
On the other hand, graphene having single layer and large area has not only good electrical conductivity but
also good thermal conductivity [23, 24]. However, it has low thermal capacity because it is thin. Therefore,
graphene is difficult to use as a heat radiator for radiating high heat.

Graphite having a graphene structure is suitably applicable to heat radiators [25, 26]. Graphite has a
structure of stacking honeycomb layers and is abundant in nature. In recent years, graphite is widely applied
to heat radiators for electrical devices [27, 28]. However, there are many technical difficulties in acquiring
the same characteristics of graphene from the natural graphite [29, 30]. Graphite must be exfoliated to be
thin and large-area, in order to have characteristic of thermal radiation similar to graphene [31, 32]. More
specifically, for the sake of using graphite as a heat radiator, it is required to make the graphite powder
as thin and wide as possible and manufacture the heat radiator using the graphite powder in such a large
volume as to appropriately maintain the temperature of the heat radiator [33, 34]. A conventional method of
manufacturing graphite powder is mechanically grinding graphite into fine powder [35, 36]. Another method
is a chemical method that involves oxidizing graphite powder at high temperature to obtain an expanded
graphite structure [37, 38]. However, there are technical limitations in obtaining graphite powder as thin



and wide as graphene according to the mechanical grinding method or the chemical method.

Since graphite powder for heat radiator as manufactured by the mechanical grinding method depends on
the particle size of the graphite, the shape of particle is generally irregular and similar to stone fragments.
Generally, the graphite powder manufactured by the mechanical grinding method is used as its particle size
is 40 microns or less [39, 40]. As such, the graphite powder mechanically ground has various advantages
that high density is guaranteed when it is spread or molded and that the size of particle can be controlled
according to its use purpose [41, 42]. However, it is difficult to control the thickness of the particle, that
is, the thickness of a honeycomb layer, which is stacked layer by layer [43, 44]. Also, the method has the
advantage that proportion of pores is low owing to high density [45, 46]. On the other hand, the method
has the disadvantage that electrical conductivity and thermal conductivity decrease with an increase in the
contact resistance between powder particles.

The chemical method of manufacturing graphite powder for heat radiator using oxidation-reduction reaction
has advantage in terms of high productivity [47, 48]. However, it has such a disadvantage that it may cause
environmental pollution [37, 38|. Further, it is difficult to produce high purity graphite because of poor
manufacturing environment [39, 40]. Graphite oxidized under high temperature condition by the chemical
method become powder that is bulky and has very low density in the case of expansion. This powder form
of graphite is used as a sheet for heat radiation of electronic devices. The expanded graphite powder of
which particle size is 300 microns or less is mainly used for heat radiation purpose [41, 42]. The expanded
graphite powder is microscopically similar to bellows in shape. Macroscopically, the expanded graphite is
cotton-shaped and light-weighted [33, 34]. However, when the graphite powder expands in volume by the
oxidization process under high temperature condition, the gaps between layers crack like bellows to generate
many pores [35, 36]. Therefore, the particles of the expanded graphite powder are bigger and thinner
than those of the graphite powder manufactured by grinding natural graphite. Consequently, the expanded
graphite powder has high electronic conductivity and thermal conductivity [49, 50] but contains many pores
between particles to cause deterioration in the thermal conductivity.

In order to solve such a problem as deterioration in the characteristics of the expanded graphite powder
caused by the abundance of pores, there have been applied improvement methods such as compressing the
expanded graphite powder with high pressure or using the expanded graphite powder in combination with a
graphite powder of small particle size or a conductive metal powder [39, 40]. Those methods, however, have
an insignificant effect of improving the characteristics [39, 40]. For the sake of making efficient heat radiators
using a graphite material, it is required to exfoliate the graphite material as thin and wide as possible to
secure good characteristics in terms of electrical conductivity and thermal conductivity as similar to graphene
and also to adopt a method of minimizing generation of pores that greatly deteriorate electrical conductivity
and thermal conductivity [27, 28]. In particular, the conventional methods such as the mechanical grinding
method and the chemical method have technical difficulties in obtaining a graphite powder thin and, wide
like graphene [27, 28| and limitations in solving the problem with the abundance of pores between particles.

Currently, the application thickness of the graphite powder is normally 25 microns or greater for radiant
sheets used to radiate heat from cellphones and one millimeter or greater for radiant sheets used to radiate
heat from electronic devices [41, 42]. In order to reduce the thickness of the radiant sheets used for those
electronic devices and enhance the efficiency of heat radiation, it is necessary to make the graphite powder
thin and wide and minimize the existence of pores between the particles of the graphite powder [41, 42]. For
this purpose, there is a demand for a technique to exfoliate the graphite powder thin and wide like graphene
[51, 52]. Contrived in consideration of the problems, it is necessary to provide a method for manufactur-
ing graphene and a method for manufacturing a conductor that solve the problems regarding insufficient
exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal conductiv-
ity caused by the small particle size [53, 54]. It is also necessary to provide a method for manufacturing
graphene and a method for manufacturing a conductor that solve the problem regarding deterioration in
the electrical conductivity and thermal conductivity caused by the pores existing between the particles and
the environmental problem [55, 56]. It is therefore of great importance to provide a method for manufactur-



ing graphene and a method for manufacturing a conductor that improve the characteristics of the graphite
material, in comparison with the conventional methods such as the mechanical grinding method and the
chemical method.

Conventional heat transfer fluids play an important role in many industries including power generation,
chemical production, air conditioning, transportation, and microelectronics. However, their inherently low
thermal conductivities have hampered the development of energy-efficient heat transfer fluids that are re-
quired in a plethora of heat transfer applications. However, the heat transfer properties of these conventional
fluids can be significantly enhanced by dispersing nanometer-sized solid particle and fibers, namely nanopar-
ticles, in fluids. This new type of heat transfer suspensions is known as nanofluids. Such nanofluids may
be engineered by dispersing metallic or nonmetallic nanoparticles in traditional base fluids. The thermal
conductivity of heat transfer fluids can be enhanced by adding highly conductive particles. Depending on
the application, nanofluids are generally classified such as heat transfer nanofluids, anti-wear nanofluids,
metalworking nanofluids, coating nanofluids, and chemical nanofluids. Nanofluids can significantly improve
heat transfer characteristics compared with the base fluids. Nanofluids have the potential to improve heat
transfer and energy efficiency in thermal systems in applications such as microelectronics, power electronics,
transportation, nuclear engineering, heat pipes, refrigeration, air-conditioning, and heat pump systems. The
use of nanofluids in a wide variety of applications is promising, but poor suspension stability of nanoparti-
cles in the solution hinders the further development of nanofluids applications. The present study aims to
provide a fundamental understanding of the thermal and viscosity properties of inhomogeneous fluids with
suspended graphene nanoparticles. Particular emphasis is placed upon the effect of nanoparticle volume
fraction on the material properties of inhomogeneous fluids with suspended graphene nanoparticles.

2. Methods

A technical feature of the method for manufacturing graphene is that the method includes exfoliating or
transferring a graphite material onto at least one structure to form graphene particles on the surface of any
one of the at least one structure, releasing the graphene particles from the structure, and combining the
released graphene particles to form graphene. The step of forming graphene particles includes: exfoliating
the graphite material onto a first structure of the plural structures to form first graphene particles on the
surface of the first structure; and transferring the first graphene particles to a second structure disposed
opposite to the first structure out of the plural structures to form second graphene particles. The step of
forming graphene particles may include exfoliating or transferring the graphite material onto the surface of
rollers used as the structures to form the graphene particles, the rollers being different in diameter from
each other and rotating in contact with each other. Preferably, the step of forming graphene particles
may include exfoliating or transferring the graphite material onto the surface of rollers and a plate used
as the structures to form the graphene particles, the rollers being different in diameter from each other
and rotating in contact with each other, the plate moving in a linear reciprocating motion in contact with
the rollers. The step of forming graphene particles includes: applying the graphite material between first
and second structures making a pair out of the plural structures; exfoliating the graphite material onto the
first and second structures to form first graphene particles on the surface of the first and second structures,
respectively; and transferring the first graphene particles to third and fourth structures disposed opposite to
the first and second structures out of the plural structures, respectively, to form second graphene particles on
the surface of the third and fourth structures, respectively. The step of forming graphene includes injecting
an adhesive liquid for constraining the released graphene particles and then applying pressure on the released
graphene particles to combine the graphene particles. An adhesive layer for exfoliation, transfer or release of
the graphene particles may be provided on the surface of the structure. A rubber elastomer may be applied
or mounted as the adhesive layer on the surface of the structure. The rubber elastomer may be silicone
rubber. The method may further include applying the graphite material together with an adhesive liquid
or solid onto the structure. A technical feature of the method for manufacturing a conductor is that the
method includes: applying or forming the graphene manufactured by the graphene-manufacturing method
on a sheet or a film to make an electrical conductor or a thermal conductor.



In the present study, the term nanofluid describes a homogeneous dispersion of at least a nanomaterial with at
least one dimension in a nanoscale in a conventional base fluid. In the present study, the nanomaterial refers
to graphene-based compounds or composites. The present study relates to a nanofluid characterized in that
it comprises a liquid medium selected from an organic solvent or a water solution of acidic, neutral or basic
compounds and said liquid medium optionally comprising a surfactant, and a graphene-based compound or
composite, homogenously dispersed in the liquid medium, and the graphene-based compound or composite
optionally comprising a material associated to the graphene-based compounds. The term graphene-based
compound or composite refers herein to graphene, graphene oxide, reduced graphene oxide or a combination
thereof forming either compounds or composites with any other molecule, polymer or solid phase in ex-
tended or nanoparticulate form. The graphene-based compound of the nanofluid is in a nanoparticle volume
fraction between 0.0008 percent and 0.008 percent based on the total weight of the electroactive nanofluid.
Nanofluids are prepared by direct mixing of the graphene-based compound or composite and the liquid
medium. The graphene-based compound or composite optionally comprises substances either attached to
the graphene-based compounds or forming a mixture by dispersion in the base fluid. The nanofluid may fur-
ther comprising carbon materials such as activated carbons or carbon nanotubes aside from graphene. Each
of these present specific advantages such as low cost or anisotropy which expand the possible applications of
the nanofluids. Graphene oxide is synthesized from natural graphite using the modified Hummers method.
Graphene oxide nanosheets exhibits pores in mesopores as well as macro-porous region. Enhancements in the
thermal conductivities of nanofluids, for the most part, follow the predictions based on Maxwell’s mean field
theory assuming low concentrations and spherical nanoparticles or the effective medium theory. Thermal
conduction in nanofluids is attributed to a variety of mechanisms, including Brownian motion interactions
between the nanoparticles and the fluid, clustering and agglomeration. There is no clear consensus on a
specific mechanism; however, the general belief is that a combination of mechanisms may be operating and
would be specific to a nanoparticles-fluid system and test conditions. Further, the effect of interface layers
on the nanoparticles on thermal conductivity is not clearly understood. A metal particle with surface ox-
idation, for example, continuously increases the interfacial resistance and consequently reduce the thermal
conductivity. Some of these nanofluids also can include a surfactant additive to stabilize particle suspen-
sions. Because thermal conductivity of surfactants is very poor compared to water, often more preferred
water-based nanofluids are comprised of functionalized graphene wherein as received graphene is treated by
oxidation, such as by mixing with concentrated sulfuric and nitric acids. Such oxidized, or functionalized,
graphene is disposed in fluids without need of surfactants to achieve greatly improved thermal properties for
the nanofluids.

3. Results and discussion

The scanning electron micrographs are illustrated in Figure 1 for the graphene that solves the problems
regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity
and thermal conductivity. Graphite is a stack of graphene sheets bound by van der Waals interactions,
each graphene layer being made ofsp 2 carbons distributed in a hexagonal crystal structure. Graphene has
superior mechanical, electrical, and thermal properties. In bottom-up methods to produce graphene, for
example, chemical vapor deposition, graphene is synthesized. In top-down methods, for example liquid-
phase exfoliation, graphene sheets are separated from bulk graphite material. The bottom-up approach
produces low quantities with high quality and large flakes. The top-down approach using graphite is low in
cost and yields a high concentration of suspended flakes, but fabricates limited-size sheets with a low yield
of mono-layer graphene. Existing commercially available graphene products usually contains precipitates of
graphene due to the presence of thick layers of graphene and are not stable. The method of the exfoliation
of graphene from graphite using multilayer coextrusion is described herein. Graphite is dispersed within a
first processing material, and the first processing material and a second processing material are co-extruded
through a plurality of series coupled layer multiplication dies to exfoliate graphene from the graphite. The
graphene is separated from the resulting multi-layered material. Graphite flake and expanded graphite may
be dispersed within the first processing material. The process uses an organic solvent and silica under high
pressure sheer force to create a liquid intermediate containing thin layers of graphene that allows for easy



dispersion of graphene in a liquid organic solvent system. High sheer processing of graphene and silica
together in a liquid organic solvent system result in stable graphene platelets. During the process, thick
layers of graphene can break down to smaller layers of graphene that is more usable. The silica forms a
gel simultaneously as graphene platelet multiple stacks are sheered into smaller platelet stacks through the
organic solvent carrier. The small platelet stacks are dispersed in the gel and held by the network of the gel
stably. In the process, both a graphene raw material and silica are mixed in an organic solvent to form a
liquid precursor. Preferably, the graphene raw material is a graphene powder. The graphene raw material
may be obtained commercially. Commercially available graphene usually contains thick layers. Thus, when
commercially available graphene is used as an additive or is added to a liquid product, the commercially
available graphene may precipitate in the liquid product.

Figure 1. Scanning electron micrographs of the graphene that solves the problems regarding insufficient
exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal conductivity.

The high-resolution scanning electron micrographs are illustrated in Figure 2 for the graphene that solves the
problems regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conduc-
tivity and thermal conductivity. The raw graphene powder can contain graphene nanoparticles consisting
of stacks of graphene sheets having a platelet shape. The graphene particles may have an average thickness
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of about 6-8 nm and a typical surface area of about 80 to 200 square meters per gram. The graphene par-
ticles have an average particle diameter of about 8-20 microns. Graphene nanoplatelets may have naturally
occurring functional groups like ethers, carboxyl, or hydroxyls that can react with atmospheric humidity to
form acids or other compounds. These functional groups are present on the edges of the particles and their
weight fraction varies with particle size. The liquid precursor is a suspension containing graphene solids.
The amount and concentration of the graphene raw material liquid precursor can depend on the desired
amount, concentration, and use of the resultant product of the process. A smaller distribution of graphene,
for example, from about 0.05 percent by weight to about 60 percent by weight relative to the total weight of
a liquid dispersion containing the graphene, would more easily disperse at the submicron level in the liquid
dispersion, when compared to a greater weight fraction of graphene in the liquid dispersion. Smaller disper-
sions result in ease of addition of graphene to other desirable emulsions, for example, to enhance the uniform
coating matrix for protection attributes graphene can provide to the coating. A non-limiting example of the
silica that can be used is fumed silica. Silica fume is an ultrafine powder collected as a by-product of the
silicon and ferrosilicon alloy production. It may consist of amorphous spherical particles with an average
particle diameter of about 80-280 nm, for example, about 200 nm, without the branching of the pyrogenic
product. The concentration of silica, for example, fumed silica, can be in the range of about 0.08 percent
by weight to 28 percent by weight in the liquid precursor or any subrange thereof, for example, about 0.2-20
percent by weight, about 3-6 percent by weight, or about 4-6 percent by weight. A concentration of fumed
silica in the range of about 0.2-20 percent by weight can modify nonpolar solvents to have a viscosity of
higher than 80 Sabol seconds, for example, to form ringing gels.

Figure 2. High-resolution scanning electron micrographs of the graphene that solves the problems regarding
insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal
conductivity.

The high-resolution transmission electron micrographs are illustrated in Figure 3 for the graphene that solves
the problems regarding insufficient exfoliation of the graphite powder and deterioration in the electrical
conductivity and thermal conductivity. The organic solvent preferably has a viscosity of less than 80 Sabol
seconds. Non-limiting examples include nonpolar organic solvents. The metal cylinder may be pressed



against the flat metal plate by an extreme pressure. The pressure applied on the metal cylinder may be
in the range of about 2000-6000 psi. This high pressure ensures graphene sheers to a stable form in the
resultant nonpolar liquid dispersion. A pressure of below about 2000 psi leads to a wider platelet particle
size distribution curve and larger stacks of graphene platelets, which will settle in the non-polar dispersion.
The liquid precursor may be forced through an opening on the flat metal plate. The liquid precursor may
then pass between the metal cylinder and the flat metal plate. The pumping pressure applied on the liquid
precursor may be higher than the pressure between the metal plate and metal cylinder such that the feed
of the liquid precursor can be directed through the opening and then between the metal cylinder and the
flat metal plate. When the liquid precursor passes between the metal cylinder and the flat metal plate,
the thick layers of graphene may be broken into thin layers by the high shear pressure between the metal
cylinder and the flat metal plate. The greater the pressure between the metal cylinder and the flat metal
plate, the smaller the graphene platelet particle size. When the liquid precursor is directed, for example,
forced by the pumping pressure, through the opening on the flat metal plate and between the metal cylinder
and the flat metal plate, and then exits from between the metal cylinder and the flat metal plate, the
pressure on the liquid precursor drops significantly. This pressure drop allows the liquid precursor to flow
and homogenizes the pass-through liquid of the liquid precursor that contains thin layers of graphene such
that the smaller graphene platelet particle is well dispersed in the resultant fluid product. The greater the
pressure drop is, the greater the level of homogenization. The process thus reduces the particle size of the
graphene and creates more uniform graphene platelets. Further, when the liquid precursor passes between
the metal cylinder and the flat metal plate, fumed silica undergoing sheer pressure may swell and expand in
the nonpolar solvent to form a gel comprising a three-dimensional structure and with a higher rheology and
viscosity than the organic solvent. The viscosity of the resultant silica gel can range from about 200,000 to
about 600,000 centistokes. The graphene platelet particles are dispersed in the three-dimensional network of
the silica gel and held therein stably in the silica gel matrix. The organic solvent keeps the graphene particles
apart from each other in the silica web, breaking up the Van der Waals forces between them, so that the
graphene particles do not aggregate and maintain their thin layers of two-dimensional configuration. When
the graphene suspension additive is added to a product, such as a painting or coating, and when the product
is applied on to a surface and allowed to dry, the organic solvent may evaporate, and upon evaporation of
the solvent, the graphene nanoparticles can come together in the polymeric matrix of the silica gel and other
components, thus strengthening the coating. The graphene can keep metals at uniform temperatures.
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Figure 3. High resolution transmission electron micrographs of the graphene that solves the problems
regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity and
thermal conductivity.

The Raman spectra are illustrated in Figure 4 for the graphene that solves the problems regarding insufficient
exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal conductivity.
These laser-induced graphene features may be characterized by the presence of a distinct 2D-band in the
Raman spectra. This can be fit with a single Lorentzian and is very similar to that observed for single layer
exfoliated graphene and epitaxial graphene. The 2D mode results from a two-phonon resonant scattering
process and is normally considered an overtone of the defect mediated D-band. The 2D feature is always



observed with widths defined by the thickness and stacking order along the c-axis. For single layer graphene,
a single Lorenztian line shape centered at 2690 per centimeter can indicate electronic structure that is
dominated by Dirac-Weyl dispersion. It is therefore accepted as one of better optical signatures regarding
the presence of graphene. It is different than that from highly oriented pyrolytic graphite. Specifically, the
G-band is much broader and blue shifted, there is a strong D-band at 1345 per centimeter, and the 2D-
band is nearly absent. These changes are correlated with structural changes and defects associated with the
hydroxyl and epoxy groups in the basal plane and a variety of alkyl and oxygen-containing functional groups
terminating the edges. The 2D-band is observed and there is a narrowing of the G-band as well as diminution
of the D-band. When using nitrogen background gas, the 2D-band is further enhanced, the G-band is much
narrower and the D-band is nearly removed. Formation of the 2D-band and G-band narrowing also occurs.
However, the D-band feature, though reduced relative to untreated graphene, remains independent of the
laser flux. This indicates an intrinsic difference in the defect density and material quality relative to that
formed using continuous-wave excitation. When using 355 nm photons, the 2D-band is produced at the
lowest powers and the integrated D and 2D peak intensity ratio is about 0.8-2.0. Though sample surface
non-uniformity causes variability, this ratio remains close to 0.8 even at the highest power. On the contrary,
the integrated D and 2D peak intensity ratio is usually dependent on the power when using 532 nm photons
and discernable 2D-band features are not evident. The 355 nm light excites single-photon mediated valence-
to-conduction band transitions. This produces electron-hole plasmas in the material at all pulse energies
studied. Since at least two 532 nm photons are required to exceed the band-gap, a coherent multiphoton
or incoherent multiple photon process may be required to create a similar electron-hole plasma. This is
consistent with the 532 nm 2D-band formation threshold of 2.8 megawatts per square centimeter which is
below the pre-ablation threshold of graphite.
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Figure 4. Raman spectra of the graphene that solves the problems regarding insufficient exfoliation of the
graphite powder and deterioration in the electrical conductivity and thermal conductivity.

The effect of temperature on thermal conductivity of the graphene in purified water is illustrated in Figure
5 for which the material consists of stacks of graphene sheets having a platelet shape. The quest for thermal
systems that are more efficient in removing heat is never ending, with design improvements of heat exchangers
being one of the main areas of focus. Water is the working fluid of choice for years for several reasons; it is
clean, readily available and has fairly good thermal properties for heat removal. Over a century ago, micro-
sized particles with high thermal conductivity are used as a way to increase the thermal characteristics of
working fluids [57, 58]. However, micro-sized particles can be abrasive and can precipitate out due to their
higher density. Once the nanoparticles settle, the nanofluid loses its property enhancement. Nano-sized
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particles introduced into a base liquid are also used and called nanofluids. This concept of using copper,
aluminum, or carbon nanoparticles to create colloidal suspension fluids has been accepted as a new avenue
for enhancing the thermal characteristics [59, 60]. Since heat transfer can be enhanced due to particle size
and dispersion isometry, the key technical challenge in implementing this technology is to understand the
fundamental physics responsible for enhancing the transport of heat, which can lead to the knowledge-based
development of a stable nanofluid with maximum thermal conductivity. Due to the necessity of compact
thermal management systems, many researchers have begun to investigate the benefits of the nanofluids on
the heat transfer in the thermal management system [61, 62]. Scientists have reported varying degrees of
increase in thermal performance with the addition of the nanoparticles to the thermal fluid [63, 64]. The
earlier studies are primarily on the enhancements of the thermal conductivity [65, 66]. Most studies report
very good enhancements of the thermal conductivity even with small volume percent concentrations [67,
68]. Researchers have investigated the addition of nanoparticles made of highly conductive materials such
as aluminum, carbon, diamond, and copper with varying positive results [69, 70]. Many prior researchers
have focused on the use of copper oxide nanoparticles to form the nanofluid due to the favorable thermal
properties of copper oxide powders 71, 72]. However, nanofluids formed with copper oxide suffer from several
drawbacks that can impede its commercial use in a thermal management system [73, 74]. For example, fluids
containing copper oxide nanoparticles have a tendency to mix with and retain air and oxygen within the
fluid, which adversely affects the thermal properties of the fluid and can create problems in the thermal
system [75, 76]. Additionally, the copper oxide nanoparticles tend to agglomerate and stick to the container
of the fluid in the thermal system, which can lead to impairment and fouling of fluid flow in the system
[77, 78]. In the present study, the nanofluid includes graphene nanoparticles suspended in a base liquid at
a nanoparticle concentration in the nanofluid of about 0.008 percent by volume. Graphene nanoparticles
are an excellent method to improve thermal conductivity in water. Graphene-containing nanofluids provide
several advantages over the conventional fluids, including thermal conductivities far above those of traditional
solid-liquid suspensions, a nonlinear relationship between thermal conductivity and concentration, strongly
temperature-dependent thermal conductivity, and a significant increase in critical heat flux. Each of these
features is highly desirable for thermal systems and together makes nanofluids strong candidates for the
next generation of heat transfer fluids. The observed substantial increases in the thermal conductivities
of nanofluids can have broad industrial applications and can also potentially generate numerous economic
and environmental benefits. Enhancement in the heat transfer ability could translate into high energy
efficiency, better performance, and low operating costs. The need for maintenance and repair can also be
minimized by developing a nanofluid with a better wear and load-carrying capacity. Consequently, classical
heat dissipating systems widely used today can become smaller and lighter, thus resulting in better fuel
efficiency, less emission, and a cleaner environment. Nanoparticles of various materials can be used to make
heat transfer nanofluids, including copper, aluminum, copper oxide, alumina, titania, and graphene. Of these
nanoparticles, graphene shows greatest promise due to their excellent chemical stability and extraordinary
thermal conductivity.
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Figure 5. Thermal conductivity of the graphene in purified water at different temperatures for which the
material consists of stacks of graphene sheets having a platelet shape.

The effect of nanoparticle volume fraction on the thermal conductivity enhancement ratio is illustrated in Fig-
ure 6 for the nanofluid with suspended graphene nanoparticles. Improved thermal conductivity enhancement
of 4.8 percent or more can be achieved with only a 0.008 percent volume fraction of graphene nanoparticles.
Despite those extraordinary promising thermal properties exhibited by graphene suspensions, it remains to
be a serious technical challenge to effectively and efficiently disperse graphene into aqueous or organic medi-
ums to produce a nanoparticle suspension with a sustainable stability and consistent thermal properties.
Due to hydrophobic natures of graphitic structure, graphene is not soluble in any known solvent. They also
have a very high tendency to form aggregates and extended structures of linked nanoparticles, thus leading to
phase separation, poor dispersion within a matrix, and poor adhesion to the host. However, stability of the
nanoparticle suspension is especially essential for practical industrial applications. Otherwise, the thermal
properties of a nanofluid, such as thermal conductivity, will constantly change as the solid nanoparticles
gradually separate from the fluid. Accordingly, there is a great need for the development of an effective
formulation which can be used to efficiently disperse different forms of graphene into a desired heat transfer
fluid and produce a nanofluid with a sustainable stability and consistent thermal properties. Therefore, the
nanofluid may comprise a conventional heat transfer fluid, graphene nanoparticles, metal oxide nanoparticles
and a surfactant. The metal oxide nanoparticles in combination with the surfactant are used to facilitate
the dispersion of the graphene nanoparticles and to increase the stability of the nanofluid. There is a charge
attraction between the nonpolar region of the surfactant molecules and the graphene nanoparticles. This
interaction forms a shell around the graphene nanoparticles, with the charged head region of the surfactant
molecules oriented towards the outside. This facilitates the dispersion of the graphene nanoparticles in the
fluid thus preventing precipitation from the fluid, which in turn enhances thermal conductivity. To further
enhance thermal conductivity, metal oxide nanoparticles are also added to the thermal transfer fluid. These
positively charged metal oxide nanoparticles repel one another and further enhance stability and thermal
conductivity of the nanofluid. The term surfactant refers to a molecule having surface activity, including
wetting agents, dispersants, emulsifiers, detergents, and foaming agents. A variety of surfactants may alter-
natively be included in the present study as a dispersant to facilitate uniform dispersion of nanoparticles
in a desired thermal transfer fluid, and to enhance stabilization of such a dispersion as well. Typically, the
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surfactants used in the present study contain a lipophilic nonpolar hydrocarbon group and a polar functional
hydrophilic group. The polar functional group may be a carboxylate, ester, amine, amide, imide, hydroxyl,
ether, nitrile, phosphate, sulfate, or sulfonate. The surfactants that are useful in the present study may be
used alone or in combination. Accordingly, any combination of surfactants may include anionic, cationic,
nonionic, zwitterionic, amphoteric and ampholytic surfactants, so long as there is a net positive charge in
the head regions of the population of surfactant molecules. In most instances, a single negatively charged
surfactant is used in the preparation of the nanofluids of the present study.
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Figure 6. Thermal conductivity enhancement ratio of the nanofluid with suspended graphene nanoparticles
at different nanoparticle volume fractions.

The effect of nanoparticle volume fraction on the viscosity enhancement ratio is illustrated in Figure 7 for
the nanofluid with suspended graphene nanoparticles.

Production of metal containing nanofluids faces some major challenges, such as stability towards agglom-
eration and surface oxidation, availability, cost of materials and manufacturing issues. Dramatic increases
in thermal conductivity of nanofluids are most likely due to the unique nature of such highly anisotropic
graphene nanomaterials that allows engaging multiple heat transfer mechanisms in suspensions, arising from
the effective medium theory, percolation, and plasmon resonances. The drawback of carbonaceous nanofluids
with high aspect ratio particles is very high viscosity, up to about 14 percent higher than viscosity of the
base fluid. Such viscosity increases result in pumping power penalties that are much higher than the benefits
in thermal conductivity of suspensions. Industrial applications for nanofluid technology are in an embryonic
state. However, today, the nanofluid field has developed to the point where it is appropriate to look to
the next level, namely nanofluids that show substantial heat transfer enhancement over their base fluids
and are candidates for use in a variety of industrial and commercial systems. For example, potential use of
nanofluids for cooling systems such as power electronics and also for radiators in vehicles, will require not
only enhanced thermal properties, but also minimal negative mechanical effects of the nanofluids in a closed
system. In this regard, reduced viscosity of the nanofluid for instance is a contributing factor to reducing
pumping power needed for the circulation of the nanofluid. Since the cooling efficiency of the heat transfer

13



fluids is the main consideration in the current nanofluid development, the ratio of heat transfer coefficients
for the suspensions and the base fluid is estimated for fully developed, laminar and turbulent flow regimes
using conventional fluid dynamic equations. The ratio of heat transfer coefficients is a convenient measure for
comparison of two fluids flowing in the same geometry and at the same flow rates. In a laminar flow regime,
the heat transfer coefficients are proportional to the thermal conductivity, but in a turbulent flow regime
the heat transfer coefficients depend on a set of thermo-physical properties. Introduction of nanoparticles
to the fluid changes density, thermal conductivity viscosity, and specific heat of the fluid. In the case of
hydrodynamically and thermally fully developed laminar flow, the heat transfer coefficient is proportional to
the thermal conductivity, and within the acceptable range of inlet and outlet temperature difference is inde-
pendent of the flow velocity. The comparison of two liquids flowing in fully developed turbulent flow regime
over or through a given geometry at a fixed velocity reduces to the ratio of changes in the thermo-physical
properties. Suspensions with larger diameter and thickness of nanoparticles provide the highest increase in
thermal conductivity; however, viscosity increase of up to about 14 percent makes this fluid impractical for
heat transfer applications. The optimization of viscosity and thermal conductivity increases in nanofluids is
required for development of practical nanofluid with advanced heat transfer. Segregation of surfactants at
liquid-nanoparticle interface creates additional thermal resistance for heat flow. Thus, organic surfactants
are detrimental for the thermal conductivity of water-based suspensions. Use on non-surfactant approach
to stabilizing dispersions of nanoparticles involves an additional surface functionalization step as described
hereinafter.
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Figure 7. Viscosity enhancement ratio of the nanofluid with suspended graphene nanoparticles at different
nanoparticle volume fractions.

The effect of nanoparticle volume fraction on the viscosity enhancement ratio is illustrated in Figure 8 for
the nanofluid with suspended graphene oxide nanoparticles.

Surface functionalization can convert oxidized sp 2 graphitic layers into a variety of hydroxy- and carboxylic
ionic groups. These groups can carry electrostatic charge and are miscible with water-based fluids. Thus,
core-shell structures of graphitic gore and graphene oxide shell are formed. On one hand, surface oxida-
tion helps increasing the stability and decreasing viscosity of nanofluids; but, on the other hand, thermal
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conductivity of graphene oxides is much smaller than that of graphite and graphene. Therefore, the func-
tionalization process decreases enhancements in thermal conductivity due to formation of surface oxides. In
development of nanofluids for heat transfer a fine balance needs to be obtained between increases in thermal
conductivity and viscosity. For graphitic nanoparticle suspensions, advanced thermal conductivity is ob-
served when nanoparticle percolation threshold is achieved. The concentration of the percolation threshold
will vary with particle morphology, and both platelet diameter and thickness are important for that matter.
Besides the important role of surface charges in nanoparticle agglomeration and viscosity of nanofluids, par-
ticle shape effect can also play a role in abnormally increased viscosity of graphitic nanofluids. Shear rate
dependence of viscosity in suspensions indicates some restriction in fluid movement due to particle alignment
and agglomeration. In a steady state, a rod-like particle or elongated agglomerate can have two types of
motion due to the Brownian movements: rotational motion around the mid-point, and translational motion
in parallel or perpendicular to the long axis. When the average spacing between particles is much larger
than the longest dimension of the particle, the rotational and translational motions are not restricted by
each other; hence very weak shear thinning behavior is expected. In suspensions of cylinders with higher
volume fractions nanoparticles start to interact, so the viscosities at zero shear rate can be much greater
than the base fluid viscosity and be very sensitive to the shear. At concentrations of nanomaterials that
are significantly above the percolation threshold, an extended microstructure will be created in a nanofluid,
obstructing the fluid flow and producing high viscosities. Such enhancements are possible with graphitic
nanoparticles that are commercially available at reasonable costs. Surface chemistry and functionalization
provides better dispersion stability, lower viscosity, and higher thermal conductivity, enhanced performance
with temperature.
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Figure 8. Viscosity enhancement ratio of the nanofluid with suspended graphene oxide nanoparticles at
different nanoparticle volume fractions.

4. Conclusions

A graphite material is exfoliated to form graphene particles, and the effect of nanoparticle volume fraction
on the material properties of inhomogeneous fluids with suspended graphene nanoparticles is investigated
at different temperatures or under oxidation conditions. The present study aims to provide a fundamental
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understanding of the thermal and viscosity properties of inhomogeneous fluids with suspended graphene
nanoparticles. Particular emphasis is placed upon the effect of nanoparticle volume fraction on the material
properties of inhomogeneous fluids with suspended graphene nanoparticles. The major conclusions are
summarized as follows:

e The bottom-up approach produces low quantities with high quality and large flakes. The top-down

approach using graphite is low in cost and yields a high concentration of suspended flakes, but fabricates
limited-size sheets with a low yield of mono-layer graphene.

e Smaller dispersions result in ease of addition of graphene to other desirable emulsions to enhance the

uniform coating matrix for protection attributes graphene can provide to the coating.

e The pressure drop allows the liquid precursor to flow and homogenizes the pass-through liquid of the

liquid precursor that contains thin layers of graphene such that the smaller graphene platelet particle
is well dispersed in the resultant fluid product.

e The phonon Raman scattering changes are correlated with structural changes and defects associated

with the hydroxyl and epoxy groups in the basal plane and a variety of alkyl and oxygen-containing
functional groups terminating the edges.

e Graphene-containing nanofluids provide several advantages over the conventional fluids, including ther-

mal conductivities far above those of traditional solid-liquid suspensions, a nonlinear relationship be-
tween thermal conductivity and concentration, strongly temperature-dependent thermal conductivity,
and a significant increase in critical heat flux.

e Stability of the nanoparticle suspension is especially essential for practical industrial applications.
e Introduction of nanoparticles to the fluid changes density, thermal conductivity viscosity, and specific

heat.

e The functionalization process decreases enhancements in thermal conductivity due to formation of

surface oxides. In development of nanofluids for heat transfer a fine balance needs to be obtained
between increases in thermal conductivity and viscosity.
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Abstract

The use of nanofluids in a wide variety of applications is promising, but poor suspension stability
of nanoparticles in the solution hinders the further development of nanofluids applications. The present
study aims to provide a fundamental understanding of the thermal and viscosity properties of
inhomogeneous fluids with suspended graphene nanoparticles. A graphite material is exfoliated to form
graphene particles, and the effect of nanoparticle volume fraction on the material properties of
inhomogeneous fluids with suspended graphene nanoparticles is investigated at different temperatures or
under oxidation conditions. Particular emphasis is placed upon the effect of nanoparticle volume fraction
on the material properties of inhomogeneous fluids with suspended graphene nanoparticles. The results
indicate that the bottom-up approach produces low quantities with high quality and large flakes whereas
the top-down approach yields a high concentration of suspended flakes with a low yield of mono-layer
graphene. Smaller dispersions result in ease of addition of graphene to other desirable emulsions to
enhance the uniform coating matrix for protection attributes graphene can provide to the coating. The
pressure drop allows the liquid precursor to flow and homogenizes the pass-through liquid of the liquid
precursor that contains thin layers of graphene. The phonon Raman scattering changes are correlated with
structural changes and defects associated with the hydroxyl and epoxy groups in the basal plane and a
variety of alkyl and oxygen-containing functional groups terminating the edges. Graphene-containing
nanofluids provide several advantages over the conventional fluids, including thermal conductivities far
above those of traditional solid-liquid suspensions, a nonlinear relationship between thermal conductivity
and concentration, strongly temperature-dependent thermal conductivity, and a significant increase in
critical heat flux. Stability of the nanoparticle suspension is especially essential for practical industrial
applications. Introduction of nanoparticles to the fluid changes density, thermal conductivity viscosity,
and specific heat. The functionalization process decreases enhancements in thermal conductivity due to
formation of surface oxides. In development of nanofluids for heat transfer a fine balance needs to be
obtained between increases in thermal conductivity and viscosity.

Keywords: Graphene; Nanoparticles; Thermal properties; Viscosity properties; Fluids; Graphite

1. Introduction

Graphene has better electrical conductivity [1, 2], thermal conductivity [3, 4], and mechanical
strength than such metals as copper and aluminum [5, 6], and exhibits optically transparent nature [7, 8].
Graphene has a structure of stacking honeycomb layers. In order to maintain ideally the characteristics,
it should be formed with single layer and have large area. Graphene has such good characteristics, so it
is suitable for semiconductors [9], nuclear fusion reactors [10], base material of secondary batteries [11],
base material of clear electrodes for displays and cellphones [12], and it is expected that applications of
graphene will be broadened [13, 14]. In particular, since graphene has good electrical conductivity and
transparency, it is an ideal material for transparent electrodes of display devices.



Chemical vapor deposition is a general method for manufacturing large-area graphene [15, 16].
However, there have been difficulties in commercializing the manufacturing method because it requires
high-cost despite of low productivity [17, 18]. Nevertheless, research for applying graphene to
transparent electrodes is widely progressed [19, 20], because graphene manufactured by chemical vapor
deposition is suitable for transparent electrodes of displays and cellphones which require high
conductivity and visible ray transparency [21, 22]. On the other hand, graphene having single layer and
large area has not only good electrical conductivity but also good thermal conductivity [23, 24]. However,
it has low thermal capacity because it is thin. Therefore, graphene is difficult to use as a heat radiator for
radiating high heat.

Graphite having a graphene structure is suitably applicable to heat radiators [25, 26]. Graphite has
a structure of stacking honeycomb layers and is abundant in nature. In recent years, graphite is widely
applied to heat radiators for electrical devices [27, 28]. However, there are many technical difficulties in
acquiring the same characteristics of graphene from the natural graphite [29, 30]. Graphite must be
exfoliated to be thin and large-area, in order to have characteristic of thermal radiation similar to graphene
[31, 32]. More specifically, for the sake of using graphite as a heat radiator, it is required to make the
graphite powder as thin and wide as possible and manufacture the heat radiator using the graphite powder
in such a large volume as to appropriately maintain the temperature of the heat radiator [33, 34]. A
conventional method of manufacturing graphite powder is mechanically grinding graphite into fine
powder [35, 36]. Another method is a chemical method that involves oxidizing graphite powder at high
temperature to obtain an expanded graphite structure [37, 38]. However, there are technical limitations
in obtaining graphite powder as thin and wide as graphene according to the mechanical grinding method
or the chemical method.

Since graphite powder for heat radiator as manufactured by the mechanical grinding method
depends on the particle size of the graphite, the shape of particle is generally irregular and similar to
stone fragments. Generally, the graphite powder manufactured by the mechanical grinding method is
used as its particle size is 40 microns or less [39, 40]. As such, the graphite powder mechanically ground
has various advantages that high density is guaranteed when it is spread or molded and that the size of
particle can be controlled according to its use purpose [41, 42]. However, it is difficult to control the
thickness of the particle, that is, the thickness of a honeycomb layer, which is stacked layer by layer [43,
44]. Also, the method has the advantage that proportion of pores is low owing to high density [45, 46].
On the other hand, the method has the disadvantage that electrical conductivity and thermal conductivity
decrease with an increase in the contact resistance between powder particles.

The chemical method of manufacturing graphite powder for heat radiator using oxidation-reduction
reaction has advantage in terms of high productivity [47, 48]. However, it has such a disadvantage that it
may cause environmental pollution [37, 38]. Further, it is difficult to produce high purity graphite because
of poor manufacturing environment [39, 40]. Graphite oxidized under high temperature condition by the
chemical method become powder that is bulky and has very low density in the case of expansion. This
powder form of graphite is used as a sheet for heat radiation of electronic devices. The expanded graphite
powder of which particle size is 300 microns or less is mainly used for heat radiation purpose [41, 42].
The expanded graphite powder is microscopically similar to bellows in shape. Macroscopically, the
expanded graphite is cotton-shaped and light-weighted [33, 34]. However, when the graphite powder
expands in volume by the oxidization process under high temperature condition, the gaps between layers
crack like bellows to generate many pores [35, 36]. Therefore, the particles of the expanded graphite
powder are bigger and thinner than those of the graphite powder manufactured by grinding natural
graphite. Consequently, the expanded graphite powder has high electronic conductivity and thermal
conductivity [49, 50] but contains many pores between particles to cause deterioration in the thermal
conductivity.



In order to solve such a problem as deterioration in the characteristics of the expanded graphite
powder caused by the abundance of pores, there have been applied improvement methods such as
compressing the expanded graphite powder with high pressure or using the expanded graphite powder in
combination with a graphite powder of small particle size or a conductive metal powder [39, 40]. Those
methods, however, have an insignificant effect of improving the characteristics [39, 40]. For the sake of
making efficient heat radiators using a graphite material, it is required to exfoliate the graphite material
as thin and wide as possible to secure good characteristics in terms of electrical conductivity and thermal
conductivity as similar to graphene and also to adopt a method of minimizing generation of pores that
greatly deteriorate electrical conductivity and thermal conductivity [27, 28]. In particular, the
conventional methods such as the mechanical grinding method and the chemical method have technical
difficulties in obtaining a graphite powder thin and, wide like graphene [27, 28] and limitations in solving
the problem with the abundance of pores between particles.

Currently, the application thickness of the graphite powder is normally 25 microns or greater for
radiant sheets used to radiate heat from cellphones and one millimeter or greater for radiant sheets used
to radiate heat from electronic devices [41, 42]. In order to reduce the thickness of the radiant sheets used
for those electronic devices and enhance the efficiency of heat radiation, it is necessary to make the
graphite powder thin and wide and minimize the existence of pores between the particles of the graphite
powder [41, 42]. For this purpose, there is a demand for a technique to exfoliate the graphite powder thin
and wide like graphene [51, 52]. Contrived in consideration of the problems, it is necessary to provide a
method for manufacturing graphene and a method for manufacturing a conductor that solve the problems
regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity
and thermal conductivity caused by the small particle size [53, 54]. It is also necessary to provide a
method for manufacturing graphene and a method for manufacturing a conductor that solve the problem
regarding deterioration in the electrical conductivity and thermal conductivity caused by the pores
existing between the particles and the environmental problem [55, 56]. It is therefore of great importance
to provide a method for manufacturing graphene and a method for manufacturing a conductor that
improve the characteristics of the graphite material, in comparison with the conventional methods such
as the mechanical grinding method and the chemical method.

Conventional heat transfer fluids play an important role in many industries including power
generation, chemical production, air conditioning, transportation, and microelectronics. However, their
inherently low thermal conductivities have hampered the development of energy-eftficient heat transfer
fluids that are required in a plethora of heat transfer applications. However, the heat transfer properties
of these conventional fluids can be significantly enhanced by dispersing nanometer-sized solid particle
and fibers, namely nanoparticles, in fluids. This new type of heat transfer suspensions is known as
nanofluids. Such nanofluids may be engineered by dispersing metallic or nonmetallic nanoparticles in
traditional base fluids. The thermal conductivity of heat transfer fluids can be enhanced by adding highly
conductive particles. Depending on the application, nanofluids are generally classified such as heat
transfer nanofluids, anti-wear nanofluids, metalworking nanofluids, coating nanofluids, and chemical
nanofluids. Nanofluids can significantly improve heat transfer characteristics compared with the base
fluids. Nanofluids have the potential to improve heat transfer and energy efficiency in thermal systems
in applications such as microelectronics, power electronics, transportation, nuclear engineering, heat
pipes, refrigeration, air-conditioning, and heat pump systems. The use of nanofluids in a wide variety of
applications is promising, but poor suspension stability of nanoparticles in the solution hinders the further
development of nanofluids applications. The present study aims to provide a fundamental understanding
of the thermal and viscosity properties of inhomogeneous fluids with suspended graphene nanoparticles.
Particular emphasis is placed upon the effect of nanoparticle volume fraction on the material properties
of inhomogeneous fluids with suspended graphene nanoparticles.



2. Methods

A technical feature of the method for manufacturing graphene is that the method includes exfoliating
or transferring a graphite material onto at least one structure to form graphene particles on the surface of
any one of the at least one structure, releasing the graphene particles from the structure, and combining
the released graphene particles to form graphene. The step of forming graphene particles includes:
exfoliating the graphite material onto a first structure of the plural structures to form first graphene
particles on the surface of the first structure; and transferring the first graphene particles to a second
structure disposed opposite to the first structure out of the plural structures to form second graphene
particles. The step of forming graphene particles may include exfoliating or transferring the graphite
material onto the surface of rollers used as the structures to form the graphene particles, the rollers being
different in diameter from each other and rotating in contact with each other. Preferably, the step of
forming graphene particles may include exfoliating or transferring the graphite material onto the surface
of rollers and a plate used as the structures to form the graphene particles, the rollers being different in
diameter from each other and rotating in contact with each other, the plate moving in a linear
reciprocating motion in contact with the rollers. The step of forming graphene particles includes: applying
the graphite material between first and second structures making a pair out of the plural structures;
exfoliating the graphite material onto the first and second structures to form first graphene particles on
the surface of the first and second structures, respectively; and transferring the first graphene particles to
third and fourth structures disposed opposite to the first and second structures out of the plural structures,
respectively, to form second graphene particles on the surface of the third and fourth structures,
respectively. The step of forming graphene includes injecting an adhesive liquid for constraining the
released graphene particles and then applying pressure on the released graphene particles to combine the
graphene particles. An adhesive layer for exfoliation, transfer or release of the graphene particles may be
provided on the surface of the structure. A rubber elastomer may be applied or mounted as the adhesive
layer on the surface of the structure. The rubber elastomer may be silicone rubber. The method may
further include applying the graphite material together with an adhesive liquid or solid onto the structure.
A technical feature of the method for manufacturing a conductor is that the method includes: applying or
forming the graphene manufactured by the graphene-manufacturing method on a sheet or a film to make
an electrical conductor or a thermal conductor.

In the present study, the term nanofluid describes a homogeneous dispersion of at least a
nanomaterial with at least one dimension in a nanoscale in a conventional base fluid. In the present study,
the nanomaterial refers to graphene-based compounds or composites. The present study relates to a
nanofluid characterized in that it comprises a liquid medium selected from an organic solvent or a water
solution of acidic, neutral or basic compounds and said liquid medium optionally comprising a surfactant,
and a graphene-based compound or composite, homogenously dispersed in the liquid medium, and the
graphene-based compound or composite optionally comprising a material associated to the graphene-
based compounds. The term graphene-based compound or composite refers herein to graphene, graphene
oxide, reduced graphene oxide or a combination thereof forming either compounds or composites with
any other molecule, polymer or solid phase in extended or nanoparticulate form. The graphene-based
compound of the nanofluid is in a nanoparticle volume fraction between 0.0008 percent and 0.008 percent
based on the total weight of the electroactive nanofluid. Nanofluids are prepared by direct mixing of the
graphene-based compound or composite and the liquid medium. The graphene-based compound or
composite optionally comprises substances either attached to the graphene-based compounds or forming
a mixture by dispersion in the base fluid. The nanofluid may further comprising carbon materials such as
activated carbons or carbon nanotubes aside from graphene. Each of these present specific advantages
such as low cost or anisotropy which expand the possible applications of the nanofluids. Graphene oxide



is synthesized from natural graphite using the modified Hummers method. Graphene oxide nanosheets
exhibits pores in mesopores as well as macro-porous region. Enhancements in the thermal conductivities
of nanofluids, for the most part, follow the predictions based on Maxwell's mean field theory assuming
low concentrations and spherical nanoparticles or the effective medium theory. Thermal conduction in
nanofluids is attributed to a variety of mechanisms, including Brownian motion interactions between the
nanoparticles and the fluid, clustering and agglomeration. There is no clear consensus on a specific
mechanism; however, the general belief is that a combination of mechanisms may be operating and would
be specific to a nanoparticles-fluid system and test conditions. Further, the effect of interface layers on
the nanoparticles on thermal conductivity is not clearly understood. A metal particle with surface
oxidation, for example, continuously increases the interfacial resistance and consequently reduce the
thermal conductivity. Some of these nanofluids also can include a surfactant additive to stabilize particle
suspensions. Because thermal conductivity of surfactants is very poor compared to water, often more
preferred water-based nanofluids are comprised of functionalized graphene wherein as received graphene
is treated by oxidation, such as by mixing with concentrated sulfuric and nitric acids. Such oxidized, or
functionalized, graphene is disposed in fluids without need of surfactants to achieve greatly improved
thermal properties for the nanofluids.

3. Results and discussion

The scanning electron micrographs are illustrated in Figure 1 for the graphene that solves the
problems regarding insufficient exfoliation of the graphite powder and deterioration in the electrical
conductivity and thermal conductivity. Graphite is a stack of graphene sheets bound by van der Waals
interactions, each graphene layer being made of sp* carbons distributed in a hexagonal crystal structure.
Graphene has superior mechanical, electrical, and thermal properties. In bottom-up methods to produce
graphene, for example, chemical vapor deposition, graphene is synthesized. In top-down methods, for
example liquid-phase exfoliation, graphene sheets are separated from bulk graphite material. The bottom-
up approach produces low quantities with high quality and large flakes. The top-down approach using
graphite is low in cost and yields a high concentration of suspended flakes, but fabricates limited-size
sheets with a low yield of mono-layer graphene. Existing commercially available graphene products
usually contains precipitates of graphene due to the presence of thick layers of graphene and are not
stable. The method of the exfoliation of graphene from graphite using multilayer coextrusion is described
herein. Graphite is dispersed within a first processing material, and the first processing material and a
second processing material are co-extruded through a plurality of series coupled layer multiplication dies
to exfoliate graphene from the graphite. The graphene is separated from the resulting multi-layered
material. Graphite flake and expanded graphite may be dispersed within the first processing material.
The process uses an organic solvent and silica under high pressure sheer force to create a liquid
intermediate containing thin layers of graphene that allows for easy dispersion of graphene in a liquid
organic solvent system. High sheer processing of graphene and silica together in a liquid organic solvent
system result in stable graphene platelets. During the process, thick layers of graphene can break down
to smaller layers of graphene that is more usable. The silica forms a gel simultaneously as graphene
platelet multiple stacks are sheered into smaller platelet stacks through the organic solvent carrier. The
small platelet stacks are dispersed in the gel and held by the network of the gel stably. In the process,
both a graphene raw material and silica are mixed in an organic solvent to form a liquid precursor.
Preferably, the graphene raw material is a graphene powder. The graphene raw material may be obtained
commercially. Commercially available graphene usually contains thick layers. Thus, when commercially
available graphene is used as an additive or is added to a liquid product, the commercially available
graphene may precipitate in the liquid product.
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Figure 1. Scanning electron micrographs of the graphene that solves the problems regarding insufficient
exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal
conductivity.

The high-resolution scanning electron micrographs are illustrated in Figure 2 for the graphene that
solves the problems regarding insufficient exfoliation of the graphite powder and deterioration in the
electrical conductivity and thermal conductivity. The raw graphene powder can contain graphene
nanoparticles consisting of stacks of graphene sheets having a platelet shape. The graphene particles may
have an average thickness of about 6-8 nm and a typical surface area of about 80 to 200 square meters
per gram. The graphene particles have an average particle diameter of about 8-20 microns. Graphene
nanoplatelets may have naturally occurring functional groups like ethers, carboxyl, or hydroxyls that can
react with atmospheric humidity to form acids or other compounds. These functional groups are present
on the edges of the particles and their weight fraction varies with particle size. The liquid precursor is a
suspension containing graphene solids. The amount and concentration of the graphene raw material liquid
precursor can depend on the desired amount, concentration, and use of the resultant product of the process.
A smaller distribution of graphene, for example, from about 0.05 percent by weight to about 60 percent
by weight relative to the total weight of a liquid dispersion containing the graphene, would more easily
disperse at the submicron level in the liquid dispersion, when compared to a greater weight fraction of
graphene in the liquid dispersion. Smaller dispersions result in ease of addition of graphene to other
desirable emulsions, for example, to enhance the uniform coating matrix for protection attributes
graphene can provide to the coating. A non-limiting example of the silica that can be used is fumed silica.
Silica fume is an ultrafine powder collected as a by-product of the silicon and ferrosilicon alloy
production. It may consist of amorphous spherical particles with an average particle diameter of about
80-280 nm, for example, about 200 nm, without the branching of the pyrogenic product. The
concentration of silica, for example, fumed silica, can be in the range of about 0.08 percent by weight to



28 percent by weight in the liquid precursor or any subrange thereof, for example, about 0.2-20 percent
by weight, about 3-6 percent by weight, or about 4-6 percent by weight. A concentration of fumed silica
in the range of about 0.2-20 percent by weight can modify nonpolar solvents to have a viscosity of higher
than 80 Sabol seconds, for example, to form ringing gels.

Figure 2. High-resolution scanning electron micrographs of the graphene that solves the problems
regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity
and thermal conductivity.

The high-resolution transmission electron micrographs are illustrated in Figure 3 for the graphene
that solves the problems regarding insufficient exfoliation of the graphite powder and deterioration in the
electrical conductivity and thermal conductivity. The organic solvent preferably has a viscosity of less
than 80 Sabol seconds. Non-limiting examples include nonpolar organic solvents. The metal cylinder
may be pressed against the flat metal plate by an extreme pressure. The pressure applied on the metal
cylinder may be in the range of about 2000-6000 psi. This high pressure ensures graphene sheers to a
stable form in the resultant nonpolar liquid dispersion. A pressure of below about 2000 psi leads to a
wider platelet particle size distribution curve and larger stacks of graphene platelets, which will settle in
the non-polar dispersion. The liquid precursor may be forced through an opening on the flat metal plate.
The liquid precursor may then pass between the metal cylinder and the flat metal plate. The pumping
pressure applied on the liquid precursor may be higher than the pressure between the metal plate and
metal cylinder such that the feed of the liquid precursor can be directed through the opening and then
between the metal cylinder and the flat metal plate. When the liquid precursor passes between the metal
cylinder and the flat metal plate, the thick layers of graphene may be broken into thin layers by the high
shear pressure between the metal cylinder and the flat metal plate. The greater the pressure between the
metal cylinder and the flat metal plate, the smaller the graphene platelet particle size. When the liquid
precursor is directed, for example, forced by the pumping pressure, through the opening on the flat metal
plate and between the metal cylinder and the flat metal plate, and then exits from between the metal
cylinder and the flat metal plate, the pressure on the liquid precursor drops significantly. This pressure
drop allows the liquid precursor to flow and homogenizes the pass-through liquid of the liquid precursor
that contains thin layers of graphene such that the smaller graphene platelet particle is well dispersed in
the resultant fluid product. The greater the pressure drop is, the greater the level of homogenization. The



process thus reduces the particle size of the graphene and creates more uniform graphene platelets.
Further, when the liquid precursor passes between the metal cylinder and the flat metal plate, fumed silica
undergoing sheer pressure may swell and expand in the nonpolar solvent to form a gel comprising a
three-dimensional structure and with a higher rheology and viscosity than the organic solvent. The
viscosity of the resultant silica gel can range from about 200,000 to about 600,000 centistokes. The
graphene platelet particles are dispersed in the three-dimensional network of the silica gel and held
therein stably in the silica gel matrix. The organic solvent keeps the graphene particles apart from each
other in the silica web, breaking up the Van der Waals forces between them, so that the graphene particles
do not aggregate and maintain their thin layers of two-dimensional configuration. When the graphene
suspension additive is added to a product, such as a painting or coating, and when the product is applied
on to a surface and allowed to dry, the organic solvent may evaporate, and upon evaporation of the solvent,
the graphene nanoparticles can come together in the polymeric matrix of the silica gel and other
components, thus strengthening the coating. The graphene can keep metals at uniform temperatures.

Figure 3. High resolution transmission electron micrographs of the graphene that solves the problems
regarding insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity
and thermal conductivity.

The Raman spectra are illustrated in Figure 4 for the graphene that solves the problems regarding



insufficient exfoliation of the graphite powder and deterioration in the electrical conductivity and thermal
conductivity. These laser-induced graphene features may be characterized by the presence of a distinct
2D-band in the Raman spectra. This can be fit with a single Lorentzian and is very similar to that observed
for single layer exfoliated graphene and epitaxial graphene. The 2D mode results from a two-phonon
resonant scattering process and is normally considered an overtone of the defect mediated D-band. The
2D feature is always observed with widths defined by the thickness and stacking order along the c-axis.
For single layer graphene, a single Lorenztian line shape centered at 2690 per centimeter can indicate
electronic structure that is dominated by Dirac-Weyl dispersion. It is therefore accepted as one of better
optical signatures regarding the presence of graphene. It is different than that from highly oriented
pyrolytic graphite. Specifically, the G-band is much broader and blue shifted, there is a strong D-band at
1345 per centimeter, and the 2D-band is nearly absent. These changes are correlated with structural
changes and defects associated with the hydroxyl and epoxy groups in the basal plane and a variety of
alkyl and oxygen-containing functional groups terminating the edges. The 2D-band is observed and there
is a narrowing of the G-band as well as diminution of the D-band. When using nitrogen background gas,
the 2D-band is further enhanced, the G-band is much narrower and the D-band is nearly removed.
Formation of the 2D-band and G-band narrowing also occurs. However, the D-band feature, though
reduced relative to untreated graphene, remains independent of the laser flux. This indicates an intrinsic
difference in the defect density and material quality relative to that formed using continuous-wave
excitation. When using 355 nm photons, the 2D-band is produced at the lowest powers and the integrated
D and 2D peak intensity ratio is about 0.8-2.0. Though sample surface non-uniformity causes variability,
this ratio remains close to 0.8 even at the highest power. On the contrary, the integrated D and 2D peak
intensity ratio is usually dependent on the power when using 532 nm photons and discernable 2D-band
features are not evident. The 355 nm light excites single-photon mediated valence-to-conduction band
transitions. This produces electron-hole plasmas in the material at all pulse energies studied. Since at
least two 532 nm photons are required to exceed the band-gap, a coherent multiphoton or incoherent
multiple photon process may be required to create a similar electron-hole plasma. This is consistent with
the 532 nm 2D-band formation threshold of 2.8 megawatts per square centimeter which is below the pre-
ablation threshold of graphite.
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Figure 4. Raman spectra of the graphene that solves the problems regarding insufficient exfoliation of
the graphite powder and deterioration in the electrical conductivity and thermal conductivity.
The effect of temperature on thermal conductivity of the graphene in purified water is illustrated in



Figure 5 for which the material consists of stacks of graphene sheets having a platelet shape. The quest
for thermal systems that are more efficient in removing heat is never ending, with design improvements
of heat exchangers being one of the main areas of focus. Water is the working fluid of choice for years
for several reasons; it is clean, readily available and has fairly good thermal properties for heat removal.
Over a century ago, micro-sized particles with high thermal conductivity are used as a way to increase
the thermal characteristics of working fluids [57, 58]. However, micro-sized particles can be abrasive
and can precipitate out due to their higher density. Once the nanoparticles settle, the nanofluid loses its
property enhancement. Nano-sized particles introduced into a base liquid are also used and called
nanofluids. This concept of using copper, aluminum, or carbon nanoparticles to create colloidal
suspension fluids has been accepted as a new avenue for enhancing the thermal characteristics [59, 60].
Since heat transfer can be enhanced due to particle size and dispersion isometry, the key technical
challenge in implementing this technology is to understand the fundamental physics responsible for
enhancing the transport of heat, which can lead to the knowledge-based development of a stable nanofluid
with maximum thermal conductivity. Due to the necessity of compact thermal management systems,
many researchers have begun to investigate the benefits of the nanofluids on the heat transfer in the
thermal management system [61, 62]. Scientists have reported varying degrees of increase in thermal
performance with the addition of the nanoparticles to the thermal fluid [63, 64]. The earlier studies are
primarily on the enhancements of the thermal conductivity [65, 66]. Most studies report very good
enhancements of the thermal conductivity even with small volume percent concentrations [67, 68].
Researchers have investigated the addition of nanoparticles made of highly conductive materials such as
aluminum, carbon, diamond, and copper with varying positive results [69, 70]. Many prior researchers
have focused on the use of copper oxide nanoparticles to form the nanofluid due to the favorable thermal
properties of copper oxide powders [71, 72]. However, nanofluids formed with copper oxide suffer from
several drawbacks that can impede its commercial use in a thermal management system [73, 74]. For
example, fluids containing copper oxide nanoparticles have a tendency to mix with and retain air and
oxygen within the fluid, which adversely affects the thermal properties of the fluid and can create
problems in the thermal system [75, 76]. Additionally, the copper oxide nanoparticles tend to agglomerate
and stick to the container of the fluid in the thermal system, which can lead to impairment and fouling of
fluid flow in the system [77, 78]. In the present study, the nanofluid includes graphene nanoparticles
suspended in a base liquid at a nanoparticle concentration in the nanofluid of about 0.008 percent by
volume. Graphene nanoparticles are an excellent method to improve thermal conductivity in water.
Graphene-containing nanofluids provide several advantages over the conventional fluids, including
thermal conductivities far above those of traditional solid-liquid suspensions, a nonlinear relationship
between thermal conductivity and concentration, strongly temperature-dependent thermal conductivity,
and a significant increase in critical heat flux. Each of these features is highly desirable for thermal
systems and together makes nanofluids strong candidates for the next generation of heat transfer fluids.
The observed substantial increases in the thermal conductivities of nanofluids can have broad industrial
applications and can also potentially generate numerous economic and environmental benefits.
Enhancement in the heat transfer ability could translate into high energy efficiency, better performance,
and low operating costs. The need for maintenance and repair can also be minimized by developing a
nanofluid with a better wear and load-carrying capacity. Consequently, classical heat dissipating systems
widely used today can become smaller and lighter, thus resulting in better fuel efficiency, less emission,
and a cleaner environment. Nanoparticles of various materials can be used to make heat transfer
nanofluids, including copper, aluminum, copper oxide, alumina, titania, and graphene. Of these
nanoparticles, graphene shows greatest promise due to their excellent chemical stability and
extraordinary thermal conductivity.
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Figure 5. Thermal conductivity of the graphene in purified water at different temperatures for which the
material consists of stacks of graphene sheets having a platelet shape.

The effect of nanoparticle volume fraction on the thermal conductivity enhancement ratio is
illustrated in Figure 6 for the nanofluid with suspended graphene nanoparticles. Improved thermal
conductivity enhancement of 4.8 percent or more can be achieved with only a 0.008 percent volume
fraction of graphene nanoparticles. Despite those extraordinary promising thermal properties exhibited
by graphene suspensions, it remains to be a serious technical challenge to effectively and efficiently
disperse graphene into aqueous or organic mediums to produce a nanoparticle suspension with a
sustainable stability and consistent thermal properties. Due to hydrophobic natures of graphitic structure,
graphene is not soluble in any known solvent. They also have a very high tendency to form aggregates
and extended structures of linked nanoparticles, thus leading to phase separation, poor dispersion within
a matrix, and poor adhesion to the host. However, stability of the nanoparticle suspension is especially
essential for practical industrial applications. Otherwise, the thermal properties of a nanofluid, such as
thermal conductivity, will constantly change as the solid nanoparticles gradually separate from the fluid.
Accordingly, there is a great need for the development of an effective formulation which can be used to
efficiently disperse different forms of graphene into a desired heat transfer fluid and produce a nanofluid
with a sustainable stability and consistent thermal properties. Therefore, the nanofluid may comprise a
conventional heat transfer fluid, graphene nanoparticles, metal oxide nanoparticles and a surfactant. The
metal oxide nanoparticles in combination with the surfactant are used to facilitate the dispersion of the
graphene nanoparticles and to increase the stability of the nanofluid. There is a charge attraction between
the nonpolar region of the surfactant molecules and the graphene nanoparticles. This interaction forms a
shell around the graphene nanoparticles, with the charged head region of the surfactant molecules
oriented towards the outside. This facilitates the dispersion of the graphene nanoparticles in the fluid thus
preventing precipitation from the fluid, which in turn enhances thermal conductivity. To further enhance
thermal conductivity, metal oxide nanoparticles are also added to the thermal transfer fluid. These
positively charged metal oxide nanoparticles repel one another and further enhance stability and thermal
conductivity of the nanofluid. The term surfactant refers to a molecule having surface activity, including
wetting agents, dispersants, emulsifiers, detergents, and foaming agents. A variety of surfactants may
alternatively be included in the present study as a dispersant to facilitate uniform dispersion of
nanoparticles in a desired thermal transfer fluid, and to enhance stabilization of such a dispersion as well.
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Typically, the surfactants used in the present study contain a lipophilic nonpolar hydrocarbon group and
a polar functional hydrophilic group. The polar functional group may be a carboxylate, ester, amine,
amide, imide, hydroxyl, ether, nitrile, phosphate, sulfate, or sulfonate. The surfactants that are useful in
the present study may be used alone or in combination. Accordingly, any combination of surfactants may
include anionic, cationic, nonionic, zwitterionic, amphoteric and ampholytic surfactants, so long as there
is a net positive charge in the head regions of the population of surfactant molecules. In most instances,
a single negatively charged surfactant is used in the preparation of the nanofluids of the present study.
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Figure 6. Thermal conductivity enhancement ratio of the nanofluid with suspended graphene

nanoparticles at different nanoparticle volume fractions.
The effect of nanoparticle volume fraction on the viscosity enhancement ratio is illustrated in Figure
7 for the nanofluid with suspended graphene nanoparticles. Production of metal containing nanofluids
faces some major challenges, such as stability towards agglomeration and surface oxidation, availability,
cost of materials and manufacturing issues. Dramatic increases in thermal conductivity of nanofluids are
most likely due to the unique nature of such highly anisotropic graphene nanomaterials that allows
engaging multiple heat transfer mechanisms in suspensions, arising from the effective medium theory,
percolation, and plasmon resonances. The drawback of carbonaceous nanofluids with high aspect ratio
particles is very high viscosity, up to about 14 percent higher than viscosity of the base fluid. Such
viscosity increases result in pumping power penalties that are much higher than the benefits in thermal
conductivity of suspensions. Industrial applications for nanofluid technology are in an embryonic state.
However, today, the nanofluid field has developed to the point where it is appropriate to look to the next
level, namely nanofluids that show substantial heat transfer enhancement over their base fluids and are
candidates for use in a variety of industrial and commercial systems. For example, potential use of
nanofluids for cooling systems such as power electronics and also for radiators in vehicles, will require
not only enhanced thermal properties, but also minimal negative mechanical effects of the nanofluids in
a closed system. In this regard, reduced viscosity of the nanofluid for instance is a contributing factor to
reducing pumping power needed for the circulation of the nanofluid. Since the cooling efficiency of the
heat transfer fluids is the main consideration in the current nanofluid development, the ratio of heat
transfer coefficients for the suspensions and the base fluid is estimated for fully developed, laminar and
turbulent flow regimes using conventional fluid dynamic equations. The ratio of heat transfer coefficients
is a convenient measure for comparison of two fluids flowing in the same geometry and at the same flow

Thermal conductivity enhancement ratio (%)
Q

12



rates. In a laminar flow regime, the heat transfer coefficients are proportional to the thermal conductivity,
but in a turbulent flow regime the heat transfer coefficients depend on a set of thermo-physical properties.
Introduction of nanoparticles to the fluid changes density, thermal conductivity viscosity, and specific
heat of the fluid. In the case of hydrodynamically and thermally fully developed laminar flow, the heat
transfer coefficient is proportional to the thermal conductivity, and within the acceptable range of inlet
and outlet temperature difference is independent of the flow velocity. The comparison of two liquids
flowing in fully developed turbulent flow regime over or through a given geometry at a fixed velocity
reduces to the ratio of changes in the thermo-physical properties. Suspensions with larger diameter and
thickness of nanoparticles provide the highest increase in thermal conductivity; however, viscosity
increase of up to about 14 percent makes this fluid impractical for heat transfer applications. The
optimization of viscosity and thermal conductivity increases in nanofluids is required for development
of practical nanofluid with advanced heat transfer. Segregation of surfactants at liquid-nanoparticle
interface creates additional thermal resistance for heat flow. Thus, organic surfactants are detrimental for
the thermal conductivity of water-based suspensions. Use on non-surfactant approach to stabilizing
dispersions of nanoparticles involves an additional surface functionalization step as described hereinafter.
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Figure 7. Viscosity enhancement ratio of the nanofluid with suspended graphene nanoparticles at
different nanoparticle volume fractions.

The effect of nanoparticle volume fraction on the viscosity enhancement ratio is illustrated in Figure
8 for the nanofluid with suspended graphene oxide nanoparticles. Surface functionalization can convert
oxidized sp? graphitic layers into a variety of hydroxy- and carboxylic ionic groups. These groups can
carry electrostatic charge and are miscible with water-based fluids. Thus, core-shell structures of
graphitic gore and graphene oxide shell are formed. On one hand, surface oxidation helps increasing the
stability and decreasing viscosity of nanofluids; but, on the other hand, thermal conductivity of graphene
oxides is much smaller than that of graphite and graphene. Therefore, the functionalization process
decreases enhancements in thermal conductivity due to formation of surface oxides. In development of
nanofluids for heat transfer a fine balance needs to be obtained between increases in thermal conductivity
and viscosity. For graphitic nanoparticle suspensions, advanced thermal conductivity is observed when
nanoparticle percolation threshold is achieved. The concentration of the percolation threshold will vary
with particle morphology, and both platelet diameter and thickness are important for that matter. Besides
the important role of surface charges in nanoparticle agglomeration and viscosity of nanofluids, particle
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shape effect can also play a role in abnormally increased viscosity of graphitic nanofluids. Shear rate
dependence of viscosity in suspensions indicates some restriction in fluid movement due to particle
alignment and agglomeration. In a steady state, a rod-like particle or elongated agglomerate can have two
types of motion due to the Brownian movements: rotational motion around the mid-point, and
translational motion in parallel or perpendicular to the long axis. When the average spacing between
particles is much larger than the longest dimension of the particle, the rotational and translational motions
are not restricted by each other; hence very weak shear thinning behavior is expected. In suspensions of
cylinders with higher volume fractions nanoparticles start to interact, so the viscosities at zero shear rate
can be much greater than the base fluid viscosity and be very sensitive to the shear. At concentrations of
nanomaterials that are significantly above the percolation threshold, an extended microstructure will be
created in a nanofluid, obstructing the fluid flow and producing high viscosities. Such enhancements are
possible with graphitic nanoparticles that are commercially available at reasonable costs. Surface
chemistry and functionalization provides better dispersion stability, lower viscosity, and higher thermal
conductivity, enhanced performance with temperature.
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Figure 8. Viscosity enhancement ratio of the nanofluid with suspended graphene oxide nanoparticles at
different nanoparticle volume fractions.

4. Conclusions

A graphite material is exfoliated to form graphene particles, and the effect of nanoparticle volume
fraction on the material properties of inhomogeneous fluids with suspended graphene nanoparticles is
investigated at different temperatures or under oxidation conditions. The present study aims to provide a
fundamental understanding of the thermal and viscosity properties of inhomogeneous fluids with
suspended graphene nanoparticles. Particular emphasis is placed upon the effect of nanoparticle volume
fraction on the material properties of inhomogeneous fluids with suspended graphene nanoparticles. The
major conclusions are summarized as follows:
® The bottom-up approach produces low quantities with high quality and large flakes. The top-down

approach using graphite is low in cost and yields a high concentration of suspended flakes, but

fabricates limited-size sheets with a low yield of mono-layer graphene.
® Smaller dispersions result in ease of addition of graphene to other desirable emulsions to enhance
the uniform coating matrix for protection attributes graphene can provide to the coating.
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The pressure drop allows the liquid precursor to flow and homogenizes the pass-through liquid of
the liquid precursor that contains thin layers of graphene such that the smaller graphene platelet
particle is well dispersed in the resultant fluid product.

The phonon Raman scattering changes are correlated with structural changes and defects associated
with the hydroxyl and epoxy groups in the basal plane and a variety of alkyl and oxygen-containing
functional groups terminating the edges.

Graphene-containing nanofluids provide several advantages over the conventional fluids, including
thermal conductivities far above those of traditional solid-liquid suspensions, a nonlinear
relationship between thermal conductivity and concentration, strongly temperature-dependent
thermal conductivity, and a significant increase in critical heat flux.

Stability of the nanoparticle suspension is especially essential for practical industrial applications.
Introduction of nanoparticles to the fluid changes density, thermal conductivity viscosity, and
specific heat.

The functionalization process decreases enhancements in thermal conductivity due to formation of
surface oxides. In development of nanofluids for heat transfer a fine balance needs to be obtained
between increases in thermal conductivity and viscosity.
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