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ABSTRACT 

Multifunctional Nanofluids with 2D Nanosheets for thermal 

management and tribological applications  

by 

José Jaime Taha-Tijerina 

Conventional heat-transfer fluids such as water, ethylene glycol, standard 

oils and other lubricants are typically low-efficiency heat-transfer fluids. Thermal 

management plays a critical factor in many applications where these fluids can be 

used, such as in motors/engines, solar cells, biopharmaceuticals, fuel cells, high 

voltage power transmission systems, micro/nanoelectronics mechanical systems 

(MEMS/NEMS), and nuclear cooling among others. These insulating fluids require 

superb filler dispersion, high thermal conduction, and for certain applications as in 

electrical/electronic devices also electrical insulation. The miniaturization and high 

efficiency of electrical/electronic devices in these fields demand successful heat 

management and energy-efficient fluid-based heat-transfer systems. Recent 

advances in layered materials enable large scale synthesis of various two-

dimensional (2D) structures. Some of these 2D materials are good choices as 

nanofillers in heat transfer fluids; mainly due to their inherent high thermal 

conductivity (TC) and high surface area available for thermal energy transport. 

Among various 2D-nanostructures, hexagonal boron nitride (h-BN) and graphene 

(G) exhibit versatile properties such as outstanding TC, excellent mechanical 

stability, and remarkable chemical inertness. The following research, even though 
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investigate various conventional fluids, will focus on dielectric insulating nanofluids 

(mineral oil – MO, as base fluid) with significant thermal performance. It is 

presented the process for synthesis and characterization of stable high-thermal 

conductivity nanofluids using 2D-nanostructures of h-BN, which will be further 

incorporated at diverse filler concentrations to conventional fluids for cooling 

applications, without compromising its electrical insulating property.  For 

comparison, properties of h-BN based fluids are compared with conductive fillers 

such as graphene; where graphene has similar crystal structure of h-BN and also has 

similar bulk thermal conductivity. Moreover, bot h-BN and graphene are exfoliated 

through the same method. 

In essence, this project, for the first time, unravels the behavior of the 

exfoliated h-BN effect on reinforced conventional fluids under the influence of 

atomistic scale structures (particularly, electrically insulating and lubricant/metal-

cutting fluids), thereby linking the physical, electrical and mechanical properties of 

these nanoscale materials. The innovative experimental approach is expected to 

result in de novo strategies for introducing these systems for new concepts and 

variables to engineer nanofluid properties suitable for very promising industrial 

applications. 
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Chapter 1 

General Overview 

1.1. Industrial Context 

Recently, with aid of nanotechnology, novel developments of electronics, 

communications, industrial devices have emerge, and this trend is certainly 

continuing in this century. Cooling of electric, electronic and mechanical 

components and devices has been a hot-topic in today’s fast-growing technologies. 

The heat required to be dissipated from systems is continually increasing due to 

industrial and economic trends to miniaturize designs, make better use of resources, 

obtain more power output, environmentally friendly materials, and obtain more 

profits.  

Heat transfer fluids (HTFs) are found in diverse fields; however, the main 

drawback for cooling systems design is HTFs low thermal conductivity. Increasing 
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the power, but decreasing the equipment’s size with conventional materials has 

reached a limit, hence innovative cooling technologies are being developed for 

thermal management and seeking for new heat transfer fluids with higher thermal 

conductivity, becoming one of the top technical challenges and a primary concern in 

components and devices designs.  

 

1.2. Motivation 

The concept and strategies of this work have a significant departure from 

standard investigations in thermal management applications. Even though there 

have been several investigations of conventional fluids with nanoparticles 

reinforcement, in this dissertation I will introduce the wet exfoliation technique to 

synthesize 2D-nanostructures, which has not been widely applied to nanofluids. 

Simultaneously, I will provide an insight into subtle interactions and mechanisms 

that could be factors for 2D-nanostructure-based nanofluids improved performance 

compared to conventional fluids, particularly with standard electrically insulating 

mineral oil (MO).  

2D-nanostructure materials are used as filler in nanofluids. Synthesis of 

hexagonal boron nitride (h-BN) nanosheets was performed. These 2D-nanosheets of 

h-BN possess outstanding properties such as environmentally and skin friendly, 
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great mechanical stability, remarkable chemical inertness, anti-wear promotion, 

high electrical resistivity and superb thermal conductivity.  

With optimum layer thickness and filler fraction concentrations, and studies 

of their thermal conductivity, electrical resistivity, solution stability, viscosity 

behavior, and tribological properties are all novel elements in both fundamental and 

applied aspects. Similarly, the effect of their nanostructure behavior within the 

conventional fluids is also exploited. By modulating the filler fraction and preparing 

temperature dependent research, this work will provide research-based evidence 

for the influence of these parameters in probable larger scale components, such as 

motors, electrical/electronic devices and apparatuses, heavy duty machinery, 

nuclear reactors, and micro/nanoelectronics mechanical systems (MEMS/NEMS), 

among others, which enables the development of 2D-nanostructure-based 

nanofluids for  possibly the next generation of thermal management nanofluids for 

diverse applications, mainly for heat dissipation (cooling), with remarkable stability 

and mechanical performance.  

The heat required to be dissipated from systems is continually increasing 

due to industrial and economic trends to miniaturize designs, make better use of 

resources, obtain more power output, environmentally friendly materials, and 

obtain more profits.  
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1.3. Objectives 

The overarching objective of this research is to unravel the behavior of 

atomistic scale two-dimensional (2D) structures; particularly exfoliated h-BN, with 

comparison of its analogue graphene (exfoliated graphite), in conventional heat 

transfer fluids by investigating diverse properties such as thermal conductivity, 

viscosity, tribological, stability, among others.  

Focus will be on electrically insulating mineral oil (MO); hence, a particular 

objective of this work is to improve MO thermal conductivity without diminishing 

its electrical insulating property.  

The subsequent chapters represent the body of this thesis work, which 

endeavors to address the following specific aims: 

1. Synthesize and develop of 2D-nanofillers, homogeneously dispersed 

within conventional carrier fluids 

2. Engineer and design such 2D-nanoscale systems and upscale their non-

intuitive properties to practical applications. 

3. Provide insight into thermal, electrical, physical and tribological behavior 

performance of 2D-nanostructure-based nanofluids. 

4. Develop a comprehensive framework for fundamental understanding on 

mechanisms of interactions in 2D-nanostructure reinforced nanofluids, 

particularly h-BN reinforced systems, followed by implementation of this 

knowledge for modulation of their properties. Must be elucidated that the 

properties of these nanofluids are also comparable with its 2D carbon 

analogue graphene (exfoliated graphite). 
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1.4. Novelties 

This project develops a comprehensive framework for fundamental 

understanding on the mechanisms of interactions in 2D-nanostructure reinforced 

Nanofluids, particularly on h-BN / Mineral Oil systems; followed by utilization of 

this knowledge for modulation of their properties. 

Associated with the research objectives are the novelties of this work. The 

innovative experimental approach introduces 2D-nanostructure based heat transfer 

fluids and lubricants to engineer nanofluid properties suitable for industrial 

applications. The research outcomes can potentially provide new strategies to 

improve and optimize designs by increasing products power capacity and/or 

miniaturization of components, devices and equipment. To our knowledge, this 

work provides a first report on h-BN 2D-nanostructure based nanofluids studies. 
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1.5. Outline of Thesis 

This thesis is divided into 6 chapters: Chapter 2 states a general overview of 

heat transfer fluids - nanofluids and the variables, features, effects and properties of 

these materials. Chapter 3 introduces the 2D-nanostructures synthesis and 

nanofluids preparation methods, as well as preliminary materials characterization. 

In Chapter 4 the domain-specific procedures, materials thermal, electrical and 

physical characterization are explained. Chapter 5 presents the tribological 

characterization of various 2D-nanoreinforced lubricants and metal-cutting fluids. A 

final discussion of this research achievements and conclusions is presented in 

Chapter 6, as well as basis for future opportunities for research and engineering 

applications.   
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Chapter 2 

Literature Review 

The aim of this chapter is to present a brief introduction to cement based 

materials, including main cement clinkers and hydration products. The current 

understandings of atomic structure of cement clinkers and C-S-H are presented. 

These atomic structures are used as an input for the rest of this thesis  

2.1. Introduction 

Energy, the input to impulse the World’s future, has been as the single most 

important issues facing Humanity in the next 50 years, particularly, the challenges 

to mitigate pollution, global warming, among others [1]. For instance, nowadays 

among diverse forms of energy used, over 70% is produced in or through the form 

of heat [2]. Heat is transferred either to input energy into a system or to remove the 

energy produced in a system. Considering the rapid increase in energy demand 
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worldwide, intensifying heat transfer process and thereby reducing energy loss are 

becoming increasingly important tasks. That is why thermal management plays a 

crucial factor concerning apparatuses or machines performance; thermal 

dissipation role has been subjected to many investigations and is under the scope of 

the operational useful life of these devices and components.  

Nanotechnology is a science that deals with diverse phenomenons, 

properties, and materials characteristics at the nanometric level (1 nanometer, nm = 

10-9 meter). Important and interesting discoveries have been realized in this field 

over the last 30 years. Among them, the discovery of Buckyball (C60) [3], carbon 

nanotubes (CNTs) [4], and graphene isolation and identification [5] are just to 

mention some of them. During the last couple of decades, diverse techniques, 

equipments, and instrumentations have been devised, as well as various relevant 

and interesting characteristics and properties of these materials were sort out for 

the betterment of mankind. 

Energy management becoming more crucial for meeting the rising needs of 

mankind [1]. Nowadays, with increasing pressure of globalized markets and 

companies’ profit race, a dramatic search to obtain proper materials performance, 

optimizing components and devices designs, improving efficiencies, reducing tools 

wear, materials consumption and pollution, and obtaining the most possible 

revenue. In addition to issues regarding scrap materials, maintenance and 

components wear among others, a hot-topic in the industry is the heat dissipation. 

Avoiding or reducing the use of resources for cooling equipments, or simply 
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reflected in wear/friction issues among metal-mechanic processes, there is a high 

demand for successful heat management and energy efficient fluid-based heat 

transfer systems, with the aid of reinforced materials. 

2.2. Introduction to Nanofluids 

Among diverse techniques to cool down or maintain certain temperature in 

these systems, the use of vanes, fins or radiators as well as forced air/fluids through 

cooling channels, are being used, even though these are costly. Some equipment and 

devices use inexpensive conventional heat-transfer fluids to intensify heat 

dissipation, such as water, ethylene-glycol (EG), and oils. However the inherent 

limitation of these fluids is the relatively low thermal conductivity; water for 

instance, is roughly three orders of magnitude less conductive than copper or 

aluminum (see Table 2.1). What these conventional fluids lack in thermal 

conductivity however, is compensated by their ability to flow.  

Heat transfer is classified into various mechanisms, such as thermal 

convection (natural or forced), thermal radiation and thermal conduction. In diverse 

fields, thermal transport is a critical parameter to obtain efficient performance of 

components and devices. 

Heat convection occurs when bulk flow of a fluid (gas or liquid) carries heat 

along with the flow of matter in the fluid, this process could be “natural”, by density 

differences in the fluid occurring due to temperature gradients, or “forced”, where 
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fluid motion is generated by an external source such as a pump, fan or other 

mechanical means. Radiation heat transfer is the transfer of energy by means of 

photons in electromagnetic waves in much the same way as electromagnetic light 

waves transfer light. On the other hand, heat conduction is the direct microscopic 

exchange of kinetic energy of particles through the boundary between two systems. 

When an object is at a different temperature from another body or its surroundings, 

heat flows so that the body and the surroundings reach the same temperature, at 

which point they are in thermal equilibrium.  

As mentioned, the primary mechanism for heat transfer in fluids is 

convection; its efficacy mostly depends on the thermophysical properties of 

conventional fluids. Still, if the thermal conductivity of conventional fluids were 

enhanced, it would be much more effective. Hence, since the solid materials possess 

several orders-higher thermal conductivity compared with that of conventional 

fluids (Table 2.1), an idea to introduce conducting particles to fluids was consider. 

This occurs more than a century ago by James Clerk Maxwell [6], where millimeter 

or micrometer-sized solid particles were dispersed in conventional fluids to 

increase cooling rates, also a formulation of a method to calculate the effective 

thermal conductivity of such suspensions was developed. Later, this technique was 

investigated and adapted for particles shape and composition by Hamilton and 

Crosser [7], but neither can predict the enhanced thermal conductivities of 

nanofluids because their models do not include any dependence on particle size [8]. 
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Among diverse particles geometry, different particle shapes occur naturally or are 

engineered for specific applications (See Figure 2-1).  

Table 2.1 –Typical thermal conductivities for diverse conventional fluids and 

solid materials. 

Material 
Thermal 

Conductivity  
(W / m K) 

Reference 
 

Conventional 
Fluids 

Water (DiW) ~ 0.598 - 0.609 [9-11] 

Ethylene Glycol (EG) ~ 0.251 [12-14] 

Engine Oil ~ 0.145 [12][14] 

Mineral Oil ~ 0.115 [15][16] 

Kerosene ~ 0.139 [17] 

Toluene ~ 0.133 [17] 

R141b Refrigerant  ~ 0.089 [18] 

Carbon 

Single Wall Nanotubes  2000 - 6000 [19-23] 

Multi Wall Nanotubes ~ 3,000 [24] [25]  

Carbon (Amorphous) 1.59 [26] 

Carbon (Diamond) 900 - 2,320 [26][27] 

Carbon (Graphite) 119 – 2,000 [26][28]  

Graphene ~ 3,000 [28-30] 

Fullerene (C60 – single crystal) 0.4 [31] 

Metallic 
Solids 

Aluminum 237 [17] 

Copper 398 [17] 

Gold 315 [17] 

Iron 80 [17] 

Nickel 91 [17] 

Silver 424 [17] 

Non-metallic 
Solids 

Alumina (Al2O3) 31-41 [28][32][33] 

Aluminum Nitride (AlN) 319 - 550 [34] 

Beryllium Oxide (BeO) 370 [34] 

Copper Oxide (CuO) 76.5 [35] 

Silicon Carbide (SiC) 148 [17] 

Silicon Oxide (SiO2) 1.4 [36][37] 

Titania (TiO2) 8.4 [13] 

Zinc Oxide (ZnO) 29 [13] 

Boron Nitride (h-BN)   ~ 300 [38][39] 

Boron Nitride Nanotubes (BNNTs) ~ 46 – 960 [39-41] 

Boron Nitride Nanoribbons (BNNRs) 1,700 – 2,0001 [42] 
1 Calculated by using a non-equilibrium Green’s function (NEGF) method 



 30 
  

 

Figure 2-1 – Possible particles shapes and geometries (Adapted from [43]). 

 

Heat transfer using fluids is a very complicated phenomenon, and various 

factors such as fluid stability, composition, viscosity, surface charge, interface and 

morphology of the dispersed particles influence the observed results [44-47]. 

Optimization and high efficiency of components and devices have gained great 

importance since these factors play a paramount role in diverse fields such as 

microelectronics, engine motors, fuel cells, air conditioning, power transmission 

systems, solar cells, medical therapy and diagnosis, biopharmaceuticals, 

components and tools wear and nuclear reactors cooling, among others 

[15][29][44][48-51].   
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Solid materials such as metals, CNTs, oxide/nitride/carbide ceramics, 

semiconductors and composite materials having higher thermal conductivity can be 

suspended in these conventional fluids, resulting in better thermal performance and 

possess higher thermally conductive composite fluids. Nevertheless, improvement 

in thermal conductivity cannot be achieved by just increasing the solid filler 

concentration because beyond a certain limit, increasing the filler fraction will also 

increase the viscosity, which will adversely affect the fluid properties and 

performance.  

Most early studies used suspensions of millimeter or micrometer-sized 

particles, which lead to countless problems, such as a tendency to settle too rapidly, 

unless flow rate is increased; not only loosing the enhancement in thermal 

conductivity, but forming sludge sediment, increasing the thermal resistance and 

impairing the heat transfer capacity of the conventional fluids. In addition, 

increasing flow rate also increases erosion of pipelines or channels by the coarse 

and hard particles; outstanding thermal conductivity enhancement is based on high 

particle concentration, which leads to apparent increase in viscosity. Furthermore, 

for certain applications, devices carrying fluids of this scale size could have 

considerably larger pressure drops, thus making flow through small channels much 

more difficult since diverse parameters are critical for device performance, such as 

morphology and stability of dispersed particles or structures within these fluids, 

fluids composition, viscosity, fast sedimentation, channels clogging, wear or erosion, 

among others, which are often very serious for systems consisting of small channels 



 32 
  

[44][50-56]. Therefore, the search for nanofillers which can obtain high thermal 

conductivities at lower concentrations. 

Another critical factor for particular applications (e.g. motors, 

electric/electronic devices, and microprocessors) is that heat transfer fluids need to 

possess other properties besides thermal dissipation capacity, such as electrical 

insulation, chemical inertness and stability, environment friendliness, and low 

viscosity. Fillers that would provide increased thermal conductivities but do not 

increase electrical conductivity for instance are mostly ceramic particles, whose 

main drawback is that often show dispersion or settling problems and are not well 

dispersible. Another important factor is that some of these heat-transfer fluids are 

exorbitant and inconvenient under compact situations, such as in micro- and 

nanoelectro-mechanical systems (MEMS/NEMS) for instance. Hence, extensive 

research has been done upon these conventional fluids, in order to develop 

improved materials to sublimely achieve all critical needs.  

A revolution in the field of heat transfer fluids occurred with the advent of 

Nanofluids (NFs), a term introduced by Choi’s research group in the late 90’s at 

Argonne National Lab (ANL) to identify engineered colloids composed of 

nanoparticles dispersed within base fluids [55]. Following the seminal research 

conducted by Masuda et al. [56] for γ-Al203 particles in water, and by Choi - Eastman 

group [55] for copper nanoparticles in water, as well, considerable amount of 

research in this field had risen exponentially.  
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As depicted by Figure 2-2, nanofluids research has been increasing through 

time, reaching up to nearly 700 by 2012 and ~ 930 by October 2013. Nanofluids are 

a new class of stable heat-transfer liquid suspensions which are engineered 

containing homogeneously dispersed solid nanofillers (ultra-fine particles, fibers 

rods, or tubes <100nm). Compared to micro- or milli-fluids, nanofluids tend to be 

more stable, since nanofillers possess unique properties, such as large surface area 

to volume ratio, as well as dimension-dependent physical properties, which make 

nanostructures better and more stably dispersed within conventional fluids.  

 

Figure 2-2 – Number of publications with “Nanofluid” as search topic, 

according to Sciencedirect.com (Up to October). 



 34 
  

Nevertheless, some limitations of the effective incorporation of nanoparticles 

within conventional fluids are dispersion and solubility because these tend to 

aggregate and settle. In some cases additives or surfactants are used to stabilize the 

nanoparticles within the fluids, even though the surfactants can decrease the 

thermal conductivity of the nanofluids, since surfactants introduce defects at the 

interfaces [57].  

Therefore, one of the main advantages of nanofluids is that they can be 

specially engineered to optimally fulfill particular objectives, such as enhanced 

thermal conductivity, a higher thermal energy storage capacity, a higher heat 

transfer coefficients, a better temperature stabilization and less pressure drop on 

devices or equipments, among others. Moreover, nanofluids are promising for 

practical application without clogging, sediment or such. Nanofluids will keep the 

fluidic properties of the conventional fluids, behave almost like conventional fluids 

and incur in little or no extra penalty of pressure drop (i.e. the viscosity increase is 

small), due to the fact that dispersed nanoparticles are extremely small, which are 

very stably suspended in fluids with or without the aid of additives or surfactants 

[58]. Hence, the search for new nanofillers which can get high thermal 

conductivities at lower filler fractions is important [15][59]. 

Nanofluids could be manufactured by two methods, one-step or two-step. 

The one-step method is basically a single step that simultaneously makes and 

disperses the nanostructures into the base fluids. One-step method has the 

advantages of reduced particle agglomeration, reduced nanoparticle oxidation (in 
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the case of metallic nanoparticles), and more directly controllable nanoparticle size 

[60]. Disadvantages include difficulties in scaling production beyond laboratory 

scale and difficulties in producing nanofluids with high volumetric concentrations of 

nanoparticles [60]. The two-step approach involves first, the synthesis or 

production of nanoparticles, and subsequently dispersing them into a base fluid. The 

main advantage of the two-step method lies in the industrial scale production of the 

dry nanoparticles, yielding reduced cost and increased practicality of employing the 

resulting nanofluids in real-world applications. In this research, nanofluids are 

produced by a two-step method using high-shear ultrasound technique to disperse 

nanoparticles within a fluid; this will be further discussed in detail in Chapter 2. 

It has been demonstrated that nanofluids for heat transfer applications have 

provided better thermal performance than conventional fluids 

[12][15][50][51][57][58][61-65]. Hence, the advent of nanofluid-based heat 

transfer systems can make compact designs with high efficient thermal, physical and 

electrical performance for instruments and devices. Some of these common 

conventional fluids and nanoparticles are shown in Figure 2-3. 

Experiments on convection heat transfer of nanofluids were conducted by 

several research groups [60][66-75]. The results showed significant improvements 

in heat transfer rates of nanofluids. Meanwhile, the thermal conductivity 

enhancement of nanofluids show a temperature-dependent characteristic – increase 

of enhancement with rising temperature, which makes the nanofluids more suitable 

for applications at elevated temperatures [15][51][76-84]. Additionally, previous 
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research has shown that nanofluids display better performance in their thermo-

physical and tribology properties, such as thermal conductivity, thermal diffusivity, 

viscosity, friction, etc., compared to conventional fluids [15][48-51][57][62-65]   

[85-89]. Hence, nanofluids could be used for aforesaid engineering applications. 

From all these, a great variety of nanocomposite materials have been developed, 

using diverse techniques and methodologies, obtaining significant performance.  

 

 
Figure 2-3 – Nanofluids: Conventional fluids, Nanoparticles and Surfactants. 
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2.2.1. Nanofluids: Heat transfer variables and features 

The heat transfer enhancement in nanofluids has been attributed to many 

variables, as well as diverse features that these materials possess, which are 

presented below: 

 

2.2.1.1. Nanofiller size 

Diverse studies have found that as nanoparticles are reduced in size, the 

effective thermal conductivity of the nanofluid increases [13][78][90-101]. As the 

nanoparticle size is reduced, Brownian motion is induced. Also, lighter and smaller 

nanoparticles are better at resisting sedimentation, one of the biggest technical 

challenges in experimenting with nanofluids [74].  

Li et al. [90] investigated the thermal properties of Al2O3/DiW nanofluids 

with particle sizes of 36nm and 47nm at various filler fractions. The nanofluid with 

36nm particles improved the effective thermal conductivity enhancement at ~35°C, 

as varying the filler fraction from 0.5vol.% up to 6.0vol.% (~7% to ~28%, 

respectively). Similar trend was observed for the nanofluid with 47nm particles, but 

slightly lower thermal conductivity enhancement was shown compared to the 

smaller particles nanofluid (~4% to ~25%, respectively).  

Nguyen et al. [91] and Minsta et al. [93] studied the heat transfer 

enhancement and behavior of Al2O3 – water nanofluid for microprocessors / 
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electronic purposes. It was found that with smaller nanoparticles (36nm in 

diameter), nanofluids showed higher convective heat transfer coefficients than with 

larger ones (47nm in diameter). From Nguyen’s research, thermal transport 

increased 40% at 6.8vol.% filler fraction, as compared to water. Chopkar et al. [95] 

studied 0.20 - 2.0vol.% Al70Cu30 nanoparticle reinforced EG, and also found that 

thermal conductivity strongly depends on the nanoparticles size. Patel et al. [11] 

reported that at room temperature, the conductivity of toluene-Au nanofluid was 

enhanced 3% - 7% for a filler fraction of only 0.005 – 0.011 vol.%, and for water-Au 

nanofluid it is observed a 3.2 - 5% enhancement for a filler concentration of 0.00013 

– 0.00026vol.%, the main reason for such enhancements at very low filler fraction 

was the small size (~ 10-20nm) of the nanoparticles. Another part of their research 

demonstrated that water-Ag nanofluids have lower thermal conductivity, even 

though silver has high conductivity, it provided less enhancement due its relatively 

larger (~ 60-80nm) particle size.  

He et al. [102] studied the heat transfer behavior of TiO2-water nanofluids 

with diameters of 95nm, 145nm and 210nm at various filler fractions. For the 95nm 

particle size nanofluid, the thermal conductivity showed an increase from 1% to 

~5% at 1wt.% and 4.9wt.%, respectively compared to water; as filler fraction 

increased, the thermal conductivity increased as well. It was shown that the 

effective thermal conductivity decreases as particle size increases. 

Hong et al. [103] achieved 18% increase in thermal conductivity with only 

0.55vol.% of Fe nanoparticles reinforced EG nanofluids (~10nm-size). Showing as 



 39 
  

well that sonication of the nanofluid has an important effect on the thermal 

conductivity of the system, indirectly proving the effect of particle size on the 

thermal conductivity of the nanofluid. Teng et al. [99] studied on the effect of 

particle size, temperature, and weight fraction on the thermal conductivity ratio of 

Al2O3/ water nanofluid with filler fraction up to 2.0wt.%, and different Al2O3 particle 

nominal diameters (20, 50, and 100nm). The results showed a dependence 

relationship between high thermal conductivity ratios and enhanced sensitivity, 

small nanoparticle size and higher temperature. Hence, nanofillers size is a 

determinant variable for heat transfer nanofluids, since, as previously stated, its 

smaller size reduce or avoid critical issues of larger fillers.  

Nevertheless, there have been a few reports on SiC, CeO2 and Al2O3 

nanoparticles reinforcing water that stated a decrease of the effective thermal 

conductivity with decrease in particle size [104-107]. As shown by Beck et al. [106] 

research on Al2O3/water nanofluids with diverse particle sizes ranging from 8nm to 

~300 nm in diameter, the thermal conductivity enhancement decreases as the 

particle size decreases below ~ 50 nm. Beck et al. attribute this behavior to 

nanoparticles thermal conductivity, as the particle size becomes small enough to be 

affected by increased phonon scattering [106]. Similarly, studies performed by Beck 

et al. [107] on water based ceria (CeO2) nanofluids showed an increase in the 

effective thermal conductivity with an increase of nanoparticle size, although only 

two particle sizes were studied (12nm and 74nm). 
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2.2.1.2. Particle shape/surface area 

Several studies have found that rod-shaped nanoparticles, such as CNTs, 

remove more heat than spherical nanoparticles [92][108-118], probably because 

rod-shaped particles have a larger aspect ratio (the ratio between a particle’s 

surface area to volume) than spherical nanoparticles. Elias et al. [111] studied 

various boehmite alumina (γ-AlOOH) nanoparticle shapes (cylindrical, spherical, 

bricks, blades and platelets) within EG/water (50%/50%). Nanofluids at diverse 

filler fraction, up to 1.0vol.%, showed a linearly increase in thermal conductivity. 

Best performance was found for cylindrical shaped nanoparticles, followed by 

bricks, blades, platelets and spherical shaped nanoparticles, respectively. Thermal 

conductivity enhancement of cylindrical shape nanoparticles is observed to be 

~2.5% higher than the spherical shape with 1.0vol.% filler fraction. In Murshed et 

al. [112] research on water reinforced with TiO2 rod-type (10nm in diameter and 

40nm in length) and spherical (15nm) nanoparticles, an enhancement of thermal 

conductivity of ~30% and ~33%, respectively, was observed at 5.0vol.% filler 

fraction, compared to base fluid. 

EG-based nanofluids with addition of SiC nanowhiskers (1.5µm in diameter 

and 18µm in length) and spherical particles (diameter <40µm) were investigated by 

Cherkasova et al. [116]. Nanowhiskers were prepared at various aspect ratios by 

ball milling from 0, 4, 12, and up to 28h. At 2.5vol.% the thermal conductivity 

enhancement is observed to increase from 16.5% up to 39.5% as the aspect ratio 

increases from 4.8 to 9.6. It is also observed that suspensions containing cylindrical 
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particles showed significantly higher increase in thermal conductivity than 

suspensions with dispersed spherical particles. For 5.0vol.%, a thermal conductivity 

enhancement of ~85% and ~20% was observed for suspensions containing SiC 

whiskers and spheres, respectively. Thermal conductivity increase for both types of 

particles is nearly linear with volume fraction of solids up to 5.0vol.% as well. 

On other research on rod-type nanoparticles, Glory et al. studied MWCNTs / 

water nanofluids. An increase in thermal conductivity enhancement was observed 

with an increase of nanotube length. For instance, the relative increase of thermal 

conductivity of nanofluids at 2.0wt.% with nanotubes with length of ~0.5µm was 

~14%, 18% increase for nanotubes with 1.0µm in length, with 1.7µm in length a 

38% increase was observed, and finally, a ~45% increase was observed for the 

longest nanotubes tested with ~5.0µm in length. As explained by Glory et al. this 

behavior is attributed to a mechanism where longer nanotubes diminish the 

number of nanotube-nanotube contacts; therefore favor phonon transmission in the 

suspensions. 

Other nanoparticles morphology that also possess large surface area is the 

2D-nanosheet, which is obtained by exfoliation layers in its structure [15][119]. 

Moreover, little research has been conducted for 2D-nanoparticles reinforcing 

conventional fluids. Recently, it has been demonstrated by Taha-Tijerina et al. 

[15][51] that 2D-based nanofluids have high impact in the thermal conductivity, as 

well as in physical, electrical, and tribological properties. 
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2.2.1.3. Filler fraction 

Probably the key variable for thermal conductivity improvement is 

nanofillers concentration dispersed within conventional fluids. Filler fraction has 

been stated by volume and weight percentages in papers, patents and reports. 

Effective thermal conductivity (keff) of nanofluid increases with increasing filler 

fraction of nanoparticles [120], but as the nanoparticles filler fraction increases, it 

may no longer be valid to assume well suspended nanoparticles. Also, pressure drop 

has been observed in diverse conventional fluids as filler fraction of different 

nanoparticles is increased [10]. This is why it is more effective to use a very small 

filler fraction in nanofluids [67]. 

At low filler fractions, nanostructures have more intense Brownian motion at 

higher temperatures, which can significantly enhance the keff. But at high volume 

fractions, nanoparticles have high potential to be agglomerated at high 

temperatures [80]. 
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2.2.1.4. Particles Agglomeration 

A crucial challenge with nanofluids is that nanoparticles tend to agglomerate 

due to molecular interactions, such as Van der Waals forces [120-124]. 

Nanoparticles agglomeration increase as filler fraction increase, due to closer 

particles and higher Van der Waals attraction. Similarly, this issue generates other 

problems such as viscosity increments. Agglomeration causes the effective surface 

area to volume ratio to decrease, which impacts the thermal conductivity 

performance of the fluid. 

Timofeeva et al. [118] [125] studied the thermal conductivity and viscosity of 

Al2O3 nanoparticles dispersed in water and EG. Nanoparticles diameters of 11nm, 

20nm and 40nm were used. It is shown that nanoparticles are highly agglomerated; 

agglomeration state varies in time, as the sample ages as well. The authors stated 

that the main parameters for controlling nanofluids’ thermal conductivity 

enhancement are the geometry, agglomeration state, and surface resistance of 

nanoparticles.  

From studies performed by Karthikeyan et al. [120], it is identified that CuO 

nanoparticles and clusters size have a significant influence on thermal conductivity 

of water and EG. Similarly, it is found that nanoparticles agglomeration was time-

dependent; as time elapsed, agglomeration increased, which decreased the thermal 

conductivity. Wang et al. [122] perform studies on diverse fluids (water, pump fluid, 

engine oil and EG) with the addition of Al2O3 and CuO with 28nm and 23nm in 
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diameter, respectively. Wang et al. measured the viscosity of these systems and 

found an increment as nanoparticles agglomerate, also thermal conductivity 

performance is observed to decrease, most probably an effect of the agglomeration 

of the nanoparticles. Moreover, particles agglomeration is exacerbated by the size of 

the reinforced fillers. 

Nasiri et al. observed a reduction in thermal conductivity with time for 

water-based CNT nanofluids due to agglomeration [126]. However, some reports 

show aggregation in water-based Al2O3 nanofluids significantly increases the 

thermal conductivity of the fluid [127][128]. On other studies, stable nanofluids 

showed no significant variation in thermal conductivity with time. Yu et al. observed 

that the thermal conductivity of EG-based ZnO nanofluids [129] and kerosene-based 

Fe3O4 nanofluids [130] were independent of time. Also, engine coolant-based Al2O3 

nanofluid exhibited minimum change of thermal conductivity with time [131]. Yu et 

al. [132] conducted studies on EG-based graphene oxide nanosheets (GON). An 

enhancement in thermal conductivity at 5.0vol.% of ~61% was observed. Thermal 

conductivity performance was invariable for ~7 days, reflecting high stability of 

GON/EG nanofluids. 
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2.2.1.5. Stability 

Because the reinforced particles are so small, weight is less, and the 

sedimentation probability is less too. This reduced nanostructures sedimentation 

can overcome one of the major drawbacks of suspensions, the settling of particles, 

and make the nanofluids more stable. Jung et al. studied Al2O3/H2O/LiBr binary 

fluids [133], comparing the thermal conductivity change with time. It is found that 

the stability of nanofluids is a dominant factor for enhancing the thermal 

conductivity, which in this case increases with filler concentration and enhances by 

2.2% at 0.10vol.%. In some cases, to enhance the stability of the nanofluids, 

surfactants or additives are used; nevertheless, there are certain drawbacks by 

using them. 

 

2.2.1.6. Additives / Surfactants 

As previously mentioned, additives or surfactants are used to stabilize the 

nanofillers within the conventional fluids, even though the surfactants can decrease 

the thermal conductivity of the nanofluids, since surfactants introduce defects at the 

interfaces [57].  

Additives are also incorporated to materials to enhance their mechanical 

properties. For instance, Chen et al. [134] found that the addition of stearic acid (SA) 

coated MWNTs, and performed as lubricant, improving the friction reduction and 
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anti-wear properties of MWNTs. Non-ionic surfactants were found to strongly 

interact with graphite surfaces in case of CNTs stabilization within aqueous 

suspensions [135]. Wang et al. [136] investigated oil with addition of graphite 

nanoparticles (~10 - 30nm), and also using a dispersant (CH-5) up to 12.0wt.%. 

Graphite nanofluids at various filler fractions, from 0.5wt.% to 4.0wt.%, showed an 

increase in thermal conductivity of 0.5% up to 20%, respectively. These increments 

were improved with the addition of dispersant (1.5wt.% to 12.0 wt.%) to 2.4% up to 

36%. According to Wang et al. this behavior is due to the improvement in 

dispersibility of graphite with the aid of the dispersant. On the other hand, Yang et 

al. [113] investigated the effect of polyisobutene succinimide (PIBSI) dispersant on 

MWCNT/PAO nanofluids, where the effective thermal conductivity was found to be 

minimum at 3.0wt.% PIBSI. Adsorption of the dispersant molecules to the MWCNT 

surfaces provided good steric hindrance between nanoparticles, which prevents 

agglomeration.  

In other cases, nanoparticles are used as additives to enhance their useful 

life, as well as antimicrobial agents. In metal-mechanic industry for instance, diverse 

fluids are used to cut or lubricate stamping or metal-cutting processes. 

Nevertheless, some of them provide a breeding ground for large numbers of 

microorganisms (fungi / bacteria) which is hazardous to the machine operators 

[137][138]. Metal sheets and components are placed, manually in some cases, on 

hydraulic pressing machines by workers. These fluids are also known to cause skin 

disorders such as dermatitis. Moreover, there is the potential fatal effect of leaching 
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heavy metals in the fluid affecting the human respiratory and digestive systems 

[139]. Kumar et al. used silver (Ag) nanoparticles dispersed in paints based on 

vegetable oil [140], since silver is highly antimicrobial by virtue of its antiseptic 

properties to several kinds of bacteria, fungi and viruses [140][141]. Also Lin et al. 

[142] investigated silver nanofluid in pulsating heat pipes, discovering encouraging 

results. 

Research with nanofluids is fairly new; hence some of these variables and 

features that have an effect on materials properties and performance have yet to be 

studied in more detail. 

 

2.2.1.7. Viscosity 

Viscosity describes the internal resistance of a fluid to flow. Viscosities in 

nanofluids are dependent on both, fillers geometry and surface properties of 

nanofillers. As mentioned by Timofeeva et al. [118] elongated particles and 

agglomerates result in higher viscosity at the same filler fraction due to structural 

limitation of rotational and transitional Brownian motions.  

Nguyen et al. [143] have investigated on particle size effect for Al2O3 aqueous 

based nanofluids and observed that the particle size effects on viscosity are more 

significant for high particles concentration. Taha-Tijerina et al. [15] investigated  

mineral oil reinforced with 2D-nanostructures of h-BN and graphene at low filler 

fraction (<0.10wt.%), it is observed that the viscosity of the nanofluids decreases 
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significantly with temperature (from 16 mm2/s at room temperature to 2.2mm2/s at 

100°C), while the enhancement in viscosity with the addition of 2D-nanofillers is 

very small (< 2% at 40°C). This is an additional advantage of the low filler fractions 

since the increase in viscosity will decrease the effective thermal conductivity values 

as well as flow characteristics of the fluid. Moreover, the relatively small increase in 

viscosity (<30%) at 0.35wt. % of h-BN is evidence that the solution is not 

flocculating [144][145]. 

 

2.2.1.8. Brownian motion 

Several researchers have found that Brownian motion, which is the random 

movement of particles (Figure 2-4), is one of the key heat transfer mechanisms in 

nanofluids [76][78][122][146-153],. Keblinski et al. stated four possible micro-

mechanisms for nanofluids thermal conductivity increase, among which Brownian 

motion was the reason for this [47]. Moreover, Jang et al. proposed that Brownian 

motion of particles can induce nanoscale convection, which enhances thermal 

conductivity of nanofluids as well [146]. Brownian motion only exists when the 

particles in the fluid are extremely small, and as the size of the particles gets larger, 

Brownian motion effects diminish [74].  
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Figure 2-4 – Representative scheme of Brownian (random) motion of 

nanoparticles. 

 

2.2.1.9. Temperature effect 

Nanofluids’ effective thermal conductivity (keff) and Brownian motion 

increase with temperature [11][66][74-84][99][146][154-160]. Das et al. [76], 

similarly to Lee et al. [83], observed that Al2O3 and CuO nanofluids thermal 

conductivity has temperature-dependent influence (in the range from 20° to 50°C); 

they posed motion of reinforced fillers as an important factor for that. Hu et al. 

showed a 20% increase in the thermal conductivity of ethanol with the addition of 

4.0vol.% of AlN at 273K, and a strong temperature dependence of the thermal 

conductivity [80]. Similarly, Yu et al. [161] research on Al-N nanofluid showed an 

enhancement of ~40% with a little effect on temperature from 10° to 60°C. 

Wang et al. [36] measured thermal conductivity of TiO2 (26 nm) and SiO2    

(23 nm) nanoparticles suspended in DiW, EG and ethanol. The experiment was 

conducted with 1.0 to 4.0vol.% filler fractions at temperatures ranging from 18° to 

65°C. Results indicated that thermal conductivity of nanofluids was higher than the 
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base fluids and increased with rise of temperature and filler fraction. For instance, 

from measurements taken at 18°C to 65°C, TiO2/DiW nanofluid thermal 

conductivity improved from 3%, 4%, and 10% to 9%, 10% and ~20% at filler 

fractions of 1.0vol.%, 2.0vol.% and 4.0vol.%, respectively.  

As seen from research conducted by Wen et al. [81], the effective thermal 

conductivity increases with increasing temperature, showing a non-linear 

dependence after temperatures above ~30°C. Paul et al. for instance, synthesize    

Al-5wt.%Zn / EG nanofluid at 0.01 to 0.10vol.%, with particle size of 10 to 30nm 

[155]. The thermal conductivity at ~30°C is enhanced a maximum ~16% at 

0.10vol.%, however, at 70°C, an anomalous improvement of 100% is shown. 

According to Paul et al. the overall enhancement of thermal conductivity may be 

attributed to the ultrafine size of the nanofillers and the Brownian motion of the 

nanoparticles as well. On the other hand, studies by Das et al. [84] on Al2O3/water 

nanofluids shown that the thermal-conductivity ratio increased with temperature in 

a linear fashion.  

Jyothirmayee et al. [154] observed a temperature dependence on graphene 

nanosheets reinforced EG and DiW, on temperatures ranging from 25° to 50°C. It 

was observed that the thermal conductivity increases with increasing graphene 

concentration and temperature. The thermal conductivity of the base fluids did not 

show much enhancement as the temperature increases, similar tendency as 

reported by Jha et. al. [162]. An enhancement in thermal conductivity of ~ 2.4% is 

observed at 25°C with a very low filler fraction of 0.008vol.% of the graphene/EG 
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nanofluid, meanwhile, at 50°C this increases to ~17%. At 0.14vol.%, the 

enhancement in thermal conductivity is 6.5 and 36% at 25° and 50°C, respectively. 

The behavior is similar as that reported by Chon et al. [78] and Xie et al. [163]. For 

the 0.14vol.% graphene/DiW nanofluid, the enhancement is about 13.6 and 94.3% 

at 25° and 50°C, respectively. These high increments in thermal conductivity 

exhibited by the graphene-based nanofluids can be ascribed to the high aspect ratio 

of defect free graphene sheets. Walvekar et al.  [164] and Ding et al. [82] performed 

diverse studies on CNTs-water nanofluids, showing that thermal conductivity is 

highly dependent on temperature, as well.  

 
 

2.2.1.9.1. Thermophoresis 

Thermophoresis or thermodiffusion is an interesting consequence of the 

Brownian motion of the particles. High energy molecules in a warmer region of a 

liquid migrate in the direction opposite the temperature gradient to cooler regions; 

small particles tend to disperse faster in hotter regions and slower in colder regions 

Research on fillers motion caused by temperature gradient was studied by 

Koo et al. [147]; nevertheless it was shown that the Brownian motion has more 

impact on the thermal properties of nanofluid than thermophoresis.  

The differential dispersion and the resulting thermophoresis are depicted 

schematically in Figure 2-5, which shows the effects of the magnitude of the 

molecular collisions on small particles. Interparticle collisions in the colder regions, 
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where the concentrations are higher, partly counteract this accumulation and a 

dynamic equilibrium for the particle concentration is established, with lower 

concentrations in the hotter regions and higher concentrations in the colder regions 

[165].  

Although thermophoresis effect is important in heat transport, there are 

other parameters that may have effect, and should be considered. These effects 

include increase in effective viscosity of nanofluids due to the presence of 

nanoparticles and fluid density variation due to variable volume fraction. 

Kandasamy et al. [166] observed that the combined effect of thermophoresis and 

Brownian motion play a very dominant role on heat transfer in the presence of 

thermal stratification, mainly due to the size of the nanoparticles. 
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Figure 2-5 – Thermophoretic motion of small spherical particles. The 

Brownian motion brings more particles to the colder region of the system 

(Adapted from [165]). 

 

2.2.1.10. Interfacial layering on the liquid-nanostructure interface 

Interfaces are ideal templates for assembling nanoparticles into 2D-

structures by the nature of the interfaces. At the interfaces, the nanoparticles are 

mobile and defects of the structures can be eliminated [167]. This ordered structure 

could have higher thermal conductivity than that of the conventional, therefore an 

enhancement of the effective thermal conductivity. However, some issues could be 

addressed when a surfactant or dispersant is used [81]. Interfacial layering refers to a 

phenomenon at the liquid–particle interface where liquid molecules are more ordered 

than those in the conventional liquid; therefore the interface effect could enhance the 
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thermal conductivity by the layering of the liquid at the solid interface (giving that 

crystalline solids possess much better thermal transport that liquids) [47][168], by 

which the atomic structure of the liquid layer is significantly more ordered than that 

of the conventional liquid.  

Various researchers have suggested that there is liquid layering on the 

nanoparticles, which helps enhance the heat transfer properties of the nanofluid 

[81][148][169-173]. Yu et al. [171] have proved the formation of layers by the liquid 

molecules close to a solid surface, even though the thickness and the thermal 

conductivity of the nanolayers are not well known yet. On the other hand, Ren et al. 

[172] found through a theoretical model that adding liquid layering on the 

nanoparticles an increase in layer thickness leads to higher thermal conductivity 

increment, also that as  larger the size of the suspended particles, the weaker appear 

the effects of the nanolayer and the thermal motion. 

 

2.2.2. Nanofluids application fields 

 Diverse studies on nanofluids have been carried out by many researchers. 

This section deals with literature review on nanofluids; nanofluids preparation and 

characterization, thermo-physical, electrical, tribological properties and its 

applications, which lays the foundation and basis for further investigations. This 

helps the reader to give better understanding about the topic.  

 



 55 
  

2.2.2.1. Thermal performance of Nanofluids 

As previously mentioned, heat transfer fluids have been explored in diverse 

systems. Argonne National Lab research group with Eastman et al. reported a 40% 

enhancement with only 0.40vol.% of copper oxide (CuO) particles of 10nm in 

diameter [61], while Choi et al. reported a remarkable 160% increase in thermal 

conductivity of MWCNTs/engine oil nanofluid at 1.0vol.% filler fraction of 

nanotubes [63].  

Other researchers have investigated the effect of CNTs in diverse fluids with 

aid of dispersants, as well. For instance, Liu et al. [14] measured the thermal 

conductivities of nanofluids containing MWCNTs (10-50nm in diameter and µm size 

in length) dispersed in EG and synthetic engine oil. The increase of thermal 

conductivity for MWCNT/EG at 1.0vo.l% was ~12.5%, meanwhile for 

MWCNT/synthetic engine oil an improvement of ~9% and 30% for 1.0vol.% and 

2.0vol.% filler fraction was observed. Wen et al. [81] investigated the effect of 

temperature on the thermal conductivity of MWCNTs/DiW (20-60nm in diameter 

and µm size in length) nanofluids. In order to properly stabilize the MWCNTs within 

DiW, 20wt.% of sodium dodecyl benzene sulfonate (SDBS) was added to all samples. 

At 0.84vol.% filler fraction, thermal conductivity enhancements of ~24% and ~31% 

were achieved at 20° and 45°C, respectively. In general, an improvement on thermal 

conductivity enhancement was observed as filler fraction and temperature 

increased.  Assael et al. [115] studied the MWCNTs/DiW nanofluids with addition of 

0.10wt% sodium dodecyl sulfate (SDS) as a dispersant. According to Assael et al. 
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SDS would interact with MWCNTs, affecting their outer surface, enhancing 

interactions with DiW. It was found that at 0.60vol.% MWCNTs the enhancement in 

thermal conductivity was ~38%. Hwang et al. [37] investigated the thermal 

conductivity of DiW and EG based nanofluids. MWCNTs (10-30nm in diameter and 

10-50μm long), CuO and SiO2 (33nm and 12nm in diameter, respectively) were 

used. It was observed that nanofluids thermal conductivity was improved almost 

linearly as filler fraction increased. For DiW-based systems, the addition of SiO2, CuO 

and MWCNTs at 1.0vol.% filler fraction showed an increase of 3%, 5% and ~12%, 

respectively. Also, CuO/EG nanofluid at 1.0vol.% showed an increase of ~9%.  

On other research, Xie et al. [174] produced stable and homogeneous 

suspensions of MWCNTs (15 nm in diameter and 30µm in length) in DiW, EG, and 

decene (DE). Oxygen-containing functional groups were introduced on MWCNTs to 

form more hydrophilic surfaces. A substantial enhancement in that thermal 

conductivity with increase of MWCNTs filler fraction was shown; for instance, at 

1.0vol.%, thermal conductivity enhancement was observed up to ~7%, ~13% and 

~20% for these three systems, respectively. 

Ding et al. [82] also investigated the effects of MWCNTs (20-60nm in 

diameter and µm size in length) dispersed in DiW, with addition of 0.25wt.% gum 

Arabic (GA) dispersant with respect to DiW. For MWCNTs at 0.5wt.% and 1.0wt% 

an increase in thermal conductivity enhancement was achieved up to ~30% and 

~38% at 25°C, and ~35% and ~80% at 30°C, respectively. It was found that these 

improvements were slightly higher than that results reported by Liu et al. [14], Wen 
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et al. [81], Assael et al. [115], and Xie et al. [174], but lower than showed by Choi et 

al. [63]. There are diverse factors that cause these discrepancies among the different 

groups; as mentioned by Wang et al. [150], these discrepancies should rely on the 

dependency of thermal conductivity is on diverse important factors such as the 

structure and properties of the CNTs, their aspect ratio, clustering, addition of 

dispersants, temperature and the experimental errors involved as well. 

Ramaprabhu et al. [175] investigated the effects on thermal and dielectrical 

properties of graphene-MWCNTs within DiW and EG. Functionalization of solar 

exfoliated graphene (sG) and MWCNTs was performed [176]. Inner and outer 

diameters of MWCNTs range from 6nm to ~20nm, with µm size in length, while for 

sG an average lateral dimension of ~1µm was reported. Thermal conductivity 

measurements were done from room temperature (~25°C) up to 50°C, showing an 

enhancement as filler fraction and temperature were increased.  It was observed 

that a highest volume fraction aqueous nanofluids (0.04vol.% sG/DiW) exhibited a 

thermal conductivity enhancement of ~9% and 73% at 25°C and 50°C, respectively. 

On the other hand, at the same volume fraction, the EG-nanofluids showed an 

enhancement in thermal conductivity of ~7% and 20% at 25°C and 50°C, 

respectively. For the sG-MWCNT/DiW nanofluids at 0.04vol.%, a thermal 

conductivity enhancement of ~11% and ~88% at 25°C and 50°C, respectively,  was 

obtained. Meantime, the sG–MWCNT/EG nanofluids also exhibited similar trend of 

enhancement in thermal conductivity, with increments of ~14% and 24% at 25°C 

and 50°C, respectively. It was explained by Ramaprabhu et al. that the high thermal 
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transport characteristics of graphene–MWCNT composite nanofluids was ascribed 

to the high aspect ratio of MWCNTs and graphene, which could formed closely 

bonded clusters and, by suppressing the interface resistance, become outstanding 

fillers to achieve high thermal conductivity. 

More recently, in 2012, Walvekar et al. [164] analyzed the effect of CNT’s 

(20nm in diameter and ~35µm in length) on diverse temperatures ranging 25°C to 

60°C. CNTs/DiW nanofluids were stabilized with the addition of GA as dispersant. 

Superb results showed improvements at diverse filler fractions, varying from 

0.01wt.% to 0.10wt.%, and diverse temperatures, ranging from 25°C to 60°C. A 

maximum thermal conductivity enhancement of ~288% was shown for 1.0wt.% 

CNTs/DiW nanofluids at 60°C. 

Research on oxide nanoparticles have been conducted as well. For instance, 

Wang et al. [122] conducted a research on CuO and Al2O3 nanoparticles with 

diameter size of 23nm and 28nm, respectively. Thermal conductivity enhancements 

of 24% for 6.0vol% of CuO/EG, 18% and 34% for 5.0vol.% and 10.0vol.% of 

CuO/DiW, 25% and 40% for 5.0vol.% and 8.0vol.% of Al2O3/EG, and 15% for 

5.5vol.% of Al2O3/DiW were observed. From these studies, Wang et al. determined 

that thermal conductivity increased with decreasing the particle size. Moreover, 

temperature dependence also affects nanofluids performance. Das et al. [76] for 

instance, showed strong temperature dependence of nanofluids with Al2O3 and CuO 

particles as used by Lee et al. [83], which significantly improved the scope of 

nanofluids as an alternate for existing coolants. In 2005, Chon et al. [78] and Li et al. 
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[177] confirmed this, but no temperature effect on thermal conductivity 

enhancement of nanofluids was observed in CNTs [178]. Li et al. [179] synthesized 

kerosene-based nanofluids with dispersed Cu nanoparticles (~40-60nm in 

diameter). Temperature dependence on thermal conductivity for Cu/kerosene-

based nanofluids was investigated. It was observed that as nanofluid temperature 

increases, thermal conductivities increased as well. For measurements at 25°, 40°, 

and 50°C, the effective thermal conductivity increased by ~10%, ~13%, and 15%, 

respectively with 1.0wt.% Cu nanoparticles. 

Turgut et al. [180] measured the thermal conductivity of TiO2-DiW nanofluid 

(particle diameter ~21nm), over a temperature range from 13° to 55°C. It was found 

that for a filler fraction of 3.0vol.% the thermal conductivity increased ~7.4% at 

13°C, and no significant changes on thermal conductivity ratio were observed. 

Yu et al. [130] investigated the thermal conductivity of Fe3O4/kerosene 

nanofluid (particle size ~15nm in diameter). Measurements were performed at 

various temperatures, ranging from 10° to 60°C; even though thermal conductivity 

increases linearly with increase of filler fraction; up to ~34% at 1.0vol.%, there was 

no significant change on effective thermal conductivity. 

Hong et al. [64] successfully developed stable and homogeneous 

nanolubricants and nanogreases based on CNTs in poly-olefin oils. Thermal 

conductivity experiments showed an increment of 20% at 0.10wt.% filler fraction; 
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similarly, at 3.0wt.% and 10wt.% showed a thermal conductivity increment of 50% 

and 80%, respectively.  

Nanodiamonds (< 10nm) dispersed in EG (with addition of poly(glycidol) 

polymer) and mineral oil (with addition of oleic acid) were studied by Branson et al. 

[181]. It was observed that addition of 0.88vol.% of nanodiamonds enhanced the 

thermal conductivity by ~12%. In mineral oil, for instance, an enhancement of ~6% 

and ~11% is achieved at nanodiamonds loading of 1.0vol.% and 1.9vol.%, 

respectively. According to Branson et al. the differences on enhancement efficiencies 

are attributable to divergence in thermal boundary resistance at 

nanoparticle/surfactant interfaces [181].  

Marquis et al. [19] reported a thermal conductivity enhancement of 45% at 

1.0vol.% concentration of highly pure single wall nanotubes (SWNTs) in 15W-40 oil. 

In this same investigation an incredible enhancement of 175% with 1.0vol.% of 

MWCNTs in poly-α-olefin (BP Amoco Ds-166) oil is obtained. Similar to Choi et al. 

found with 1.0vol.% of nanotubes in oil [63]. 

There are diverse theories that explain the mechanisms that affect the 

behavior of nanofluids, the most accepted being Brownian motion [148-153], 

percolation theory [148-151][178], micro convection cell model  [148-153], and 

liquid layering theory [47][148-151][168][182]. These will be later discussed to 

determine the behavior of 2D-nanosheets reinforced nanofluids. 
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As the main topic for this research is on the application of oil-based 

nanofluids, Table 2.2 shows the influence of mineral oil-based nanofluids on thermal 

conductivity. Similarly, Table 2.3 shows the results from diverse investigations on 

other oils and lubricants, and various materials and sizes used as reinforced 

nanoparticles.  

Table 2.4 and Table 2.5 show the influence various nanofluids in thermal 

management properties, as well. 

 

Table 2.2 – Influence of mineral oil - based nanofluids in thermal management 

Filler Type of Oil 
Nanoparticles 
morphology 

Filler 
fraction 

TC 
Enhancement 

Ref. 

Al2O3 Mineral oil Spherical ~ 13 nm diam. 4.0vol.% > 20 % [62] 

AlN Mineral oil Spherical ~ 50 nm diam. 0.05vol.% ~   8 % [62] 

CuO Mineral Oil Spherical ~ 100 nm diam. 
2.5vol.% 
5.0vol.% 
7.5vol.% 

~ 12 % 
~ 23 % 
~ 43 % 

[183] 

Diamond Mineral oil Spherical ~ < 10 nm diam. 
1.0vol.% 
1.9vol.% 

~  5% 
~ 11% 

[181] 

Diamond Mineral oil Spherical  ~ < 100 nm diam. - ~ 70 % [184] 

MWCNT Mineral Oil 
Rods ~ Length: 10 - 50 µm 
               Diameter: 10 - 30 nm 

0.5vol.% ~ 8.5 % [185] 
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Table 2.3 – Influence of oil-based nanofluids  in thermal management. 

Filler Type of Oil 
Nanoparticles 
morphology 

Filler 
fraction 

TC 
Enhancement 

Ref. 

Al2O3 Engine oil (10W-30) Spherical ~ 28 nm diam. 
5.0vol.% 
7.5vol.% 

~ 26% 
~ 30% 

[122] 

Al2O3 Engine oil Spherical ~ 80 nm diam. 
0.5vol.% 
1.0vol.% 

~ 9% 
~ 12% 

[186] 

Al2O3 
Poly-α-olefin (PAO) 
lubricant 

Spherical ~ 10 nm diam. 
1.0vol.% 
3.0vol.% 

~ 3.9 % 
~ 12.1 % 

[187] 

Al2O3 
Poly-α-olefin (PAO) 
lubricant 

Rods ~ Length:  80 nm 
               Diameter: 10 nm  

1.0vol.% 
3.0vol.% 

~ 5.1 % 
~ 17.6 % 

[187] 

Al2O3 Pump oil Spherical ~ 60 nm diam. 5.0vol.% ~ 40 % [92] 

Al2O3 Pump oil Spherical ~ 28 nm diam. 
5.0vol.% 
7.0vol.% 

~ 12 % 
~ 20 % 

[122] 

Al2O3 Engine oil Spherical ~ 28 nm diam. 
5.0vol.% 
7.5vol.% 

~ 26 % 
~ 30 % 

[122] 

Al Engine oil Spherical ~ 80 nm diam. 
1.0vol.% 
3.0vol.% 

~ 20 % 
~ 37 % 

[186] 

Cu 

Gear oil  (20°C) 
Gear oil  (20°C) 
Gear oil  (20°C) 
Gear oil  (20°C) 
Gear oil  (60°C) 
Gear oil  (60°C) 
Gear oil  (60°C) 
Gear oil  (60°C) 

Spherical ~ 40 nm diam. 

0.11vol.% 
0.57vol.% 
1.0vol.% 
2.0vol.% 

0.11vol.% 
0.57vol.% 
1.0vol.% 
2.0vol.% 

~  2.5% 
~   8 % 
~ 15 % 
~ 20 % 
~   5 % 
~ 14 % 
~ 20 % 
~ 30 % 

[188] 

CuO2 HE-200 oil (pumps) Spherical ~ 36 nm diam. 0.052vol.% ~ 44 % [12] 

Graphite 
Heat transfer Oil 
(LD320) @30C 

Spherical  ~10-30nm diam. 
0.34vol.% 
0.68vol.% 
1.36vol % 

~  1 % 
~  5 % 
~ 20 % 

[136] 

Graphite 
Heat transfer Oil 1 
(LD320) @30C 

Spherical  ~10-30nm diam. 
0.34vol.% 
0.68vol.% 
1.36vol % 

~  5 % 
~ 12 % 
~ 36 % 

[136] 

MWCNT Synthetic  PAO oil 
Rods ~  Length:  50 µm 
               Diameter: 25 nm  

1.0vol.% 160% [63] 

MWCNT Synthetic engine oil 
Rods ~ Length: µm range. 
               Diameter: 10 - 50 nm 

1.0vol.% 
2.0vol.% 

~  9 % 
~ 30 % 

[14] 

MWCNT Engine oil (15W-40) 
Rods ~ Length: 0.3 -10 µm 
               Diameter: 10 - 50 nm 

0.25vol.% 
0.5vol.% 
1.0vol.% 

~ 10 % 
~ 17 % 
~ 45 % 

[19] 

MWCNT Poly-α-olefin oil 
Rods ~ Length: 1 -100 µm 
             Diameter: 20 - 300 nm 

1.0vol.% ~ 175 % [19] 

MWCNTs 
Poly-α-olefin oil 
(PAO6) 

Rods ~ Length: µm range                        
               Diameter: ~ 25 nm 

0.04vol.% 
0.25vol.% 
0.34vol.% 

~    9 % 
~100 % 
~ 200 % 

[113] 

CNTs 
Poly-α-olefin oil 
(PAO) 

Rods ~ Length: µm range                        
               Diameter: ~ 15 nm 

0.10vol.% 
0.60vol.% 
1.0vol.% 

~ 35 % 
~ 96 % 

~ 161 % 
[189] 

Exfoliated 
Graphite 

Poly-α-olefin oil 
(PAO) 

Sheets ~ µm range 
 

0.10vol.% 
0.60vol.% 
1.00vol.% 

~ 18 % 
~ 56 % 

~ 130 % 
[189] 

Notes: If not specified, measurements were conducted at Room Temperature. 
1 With addition of dispersant (CH-5) 
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Table 2.4 –Influence of water-based nanofluids  in thermal management. 
 

Filler 
Conventional 

fluid 
Nanoparticles 
morphology 

Filler 
fraction 

TC 
Enhancement 

Ref. 
      

Al2O3 

Water (RT ~25°C) 
Water (50°C) 
Water (RT ~25°C) 
Water (50°C) 

Spherical ~ 38 nm diam. 

1.0vol.% 
1.0vol.% 
4.0vol.% 
4.0vol.% 

~   5 % 
~ 11 % 
~ 12 % 
~ 25 % 

[76] 

Al2O3 

Water (RT ~21°C) 
Water (50°C) 
Water (70°C) 
Water (RT ~21°C) 
Water (50°C) 
Water (70°C) 

Spherical ~ 11 nm diam. 

1.0vol.% 
1.0vol.% 
1.0vol.% 
4.0vol.% 
4.0vol.% 
4.0vol.% 

~  10 % 
~ 13 % 
~ 15 % 
~ 10 % 
~ 20 % 
~ 30 % 

[78] 

Al2O3 
Water (RT ~21°C) 
Water (50°C) 
Water (70°C) 

Spherical ~ 47 nm diam. 
1.0vol.% 
1.0vol.% 
4.0vol.% 

~   3 % 
~   6 % 
~ 10 % 

[78] 

Al2O3 
Water (RT ~21°C) 
Water (50°C) 
Water (70°C) 

Spherical ~ 150 nm diam. 
1.0vol.% 
1.0vol.% 
4.0vol.% 

~  2 % 
~  5 % 
~  8 % 

[78] 

Al2O3 Water Spherical ~ 60 nm diam. 5.0vol.% ~ 20 % [92] 

Al2O3 
Water (50°C) 
Water (RT ~25°C) 
Water (50°C) 

Spherical ~ 131 nm diam. 
1.0vol.% 
4.0vol.% 
4.0vol.% 

~ 11 % 
~ 10 % 
~ 25 % 

[190] 

Al2O3 Water Spherical ~ 27 - 56 nm diam. 1.6vol.% ~ 10 % [191] 

Au Water Spherical ~ 10-20 nm diam. 0.00026vol.% ~  8 % [11] 

Ag Water Spherical ~ 60-80 nm diam. 0.001vol.% ~   5 % [11] 

Cu Water 1 Spherical ~60-100 nm diam. 1.0vol.% ~ 48 % [192] 

CuO Water Spherical ~ 36 nm diam. 
1.0vol.% 
5.0vol.% 

~ 12 % 
~ 60 % 

[12] 

CuO Water Spherical ~ 100 nm diam. 
1.0 vol.% 
2.0 vol.% 

~   5 % 
~ 17 % 

[58] 

CuO 

Water (RT ~25°C) 
Water (50°C) 
Water (RT ~25°C) 
Water (50°C) 

Spherical ~ 24 nm diam. 

1.0vol.% 
1.0vol.% 
4.0vol.% 
4.0vol.% 

~ 14 % 
~ 29 % 
~ 15 % 
~ 36 % 

[76] 

CuO Water Spherical ~ 100 nm diam. 
2.5vol.% 
5.0vol.% 
7.5vol.% 

~ 24 % 
~ 55 % 
~ 78 % 

[183] 

CuO Water Spherical ~ 33 nm diam. 1.0vol.% ~  5 % [185] 

CuO 

Water (RT ~25°C) 
Water (50°C) 
Water (RT ~25°C) 
Water (50°C) 

Spherical ~ 87 nm diam. 

1.0vol.% 
1.0vol.% 
4.0vol.% 
4.0vol.% 

~   7 % 
~ 28 % 
~ 15 % 
~ 36 % 

[190] 

CuO Water Spherical ~ 25 nm diam. 
0.10vol.% 
0.30vol.% 

~   7% 
~ 12% 

[193] 

SiO2 Water Spherical ~ 12 nm diam. 1.0vol.% ~ 3 % [185] 

TiO2 Water Spherical ~ 15 nm diam. 
1.0vol.% 
5.0vol.% 

~ 18 % 
~ 30 % 

[112] 

CNTs 
Water (RT ~25°C) 
Water (60°C) 
Water (60°C) 

Rods ~  Length:  35 µm 
                Diam.: 20 nm 

0.01wt.% 
0.10wt.% 
0.10wt.% 

~ 38 % 
~ 126 % 
~ 288 % 

[164] 

MWCNTs Water 
Rods ~  Length:  30 µm 
                Diam.: 15 nm 

1.0vol.% ~ 7 % [174] 

Notes: If not specified, measurements were conducted at Room Temperature. 1 With addition of CTAB 
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Table 2.5 –Influence of diverse nanofluids in thermal management 

Filler 
Conventional 

fluid 
Nanoparticles 
morphology 

Filler 
fraction 

TC 
Enhancement 

Ref. 

      

Al2O3 
R141b refrigerant 
(@20°C) 

Spherical ~ 13 nm diam. 

0.50vol.% 
1.0vol.% 
1.5vol.% 
2.0vol.% 

~ 26 % 
~ 35 % 
~ 52 % 
~ 69 % 

[18] 

Al2O3 Ethylene Glycol Spherical ~ 10 nm diam. 5.0vol.% ~ 18 % [61] 

Al2O3 Ethylene Glycol Spherical ~ 60 nm diam. 5.0vol.% ~ 30 % [92] 

Al2O3 Ethylene Glycol Spherical ~ 28 nm diam. 
5.0vol.% 
8.0vol.% 

~ 25 % 
~ 40 % 

[122] 

AlN Ethylene Glycol Spherical ~ 50 nm diam. 
5.0vol.% 

10.0vol.% 
~20 % 
~40 % 

[161] 

Au Toluene Spherical ~ 10-20 nm diam. 0.011vol.% ~  9 % [11] 

Cu Ethylene Glycol 1 Spherical ~ 10 nm diam. ~ 0.30vol.% ~ 40 % [61] 

Cu Toluene Spherical ~ 40-60 nm diam. 
1.0wt.% 
1.5wt.% 

~ 12 % 
~ 14 % 

[179] 

Cu 
Kerosene (@25°C) 
Kerosene(@50°C) 

Spherical ~ 40-60 nm diam. 
1.0wt.% 
1.0wt.% 

    10 % 
~ 15 % 

[179] 

CuO Ethylene Glycol Spherical ~ 35 nm diam. 
2.0vol.% 
4.0vol.% 

~ 10 % 
~ 22 % 

[83] 

CuO Ethylene Glycol Spherical ~ 23 nm diam. ~ 15.0vol.% ~ 55 % [122] 

Fe Ethylene Glycol Spherical ~10 nm diam. 
0.20vol.% 
0.55vol.% 

~14 % 
~18 % 

[194] 

Fe3O4 Kerosene Spherical ~ 15 nm diam. 
0.50vol.% 
1.0vol% 

~ 15 % 
~ 34 % 

[130] 

Graphene 
Ethylene Glycol (@20°C) 
Ethylene Glycol (@50°C) 

Sheets  ~500nm by 600nm 
0.14vol.% 
0.14vol.% 

6.5 % 
36 % 

[154] 

Graphene Ethylene Glycol (@50°C) 
Sheets  ~0.2 – 2.0 µm, 
Thickness of 0.7 – 1.3 nm 

2.0vol.%  
5.0vol.% 

~ 40 % 
~ 86 % 

[195] 

MWCNTs Decene 
Rods   Length: 30 µm  
             Diam.: ~15 nm 

0.50vol.% 
1.0vol.% 

~  10 % 
~ 20 % 

[174] 

MWCNTs Ethylene Glycol 
Rods   Length:  30 µm 
             Diam.: 15 nm 

0.05vol.% 
1.0vol.% 

~  7 % 
~ 13 % 

[174] 

MWCNTs Ethylene Glycol 
Rods   Length: µm range 
             Diam.: ~20-30 nm 

0.20vol.% 
0.50vol.% 
1.0vol.% 

~   2 % 
~   8 % 
~ 13 % 

[14] 

SiC Ethylene Glycol 
Whiskers Length ~ 18µm 
                    Diam.: 1.5µm  

5.0vol.% ~ 85 % [116] 

SiO2 Ethanol Spherical ~23 nm diam. 1.0vol.% ~  5 % [36] 

SiO2 Ethylene Glycol Spherical ~23 nm diam. 1.0vol.% ~  4 % [36] 

TiO2 

Ethylene Glycol / water 
(20/80 %) 

Spherical ~ 21 nm diam. 4.0vol.% ~ 15% [196] 

      

Notes: If not specified, measurements were conducted at Room Temperature. 
 1 With addition of < 1vol.% of thioglycolic acid 
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2.2.2.2. Electrical performance 

Heat transfer nanofluids have attracted main attention due to their effect on 

thermal performance. Nevertheless, electrical properties are suitable for certain 

applications as well. Little research has been done on this field, where nanoparticles 

can be incorporated as reinforcement into conventional liquids (i.e. DiW, EG, 

mineral oils), synthetic or natural esthers, among other fluids [123][124][175]  

[197-203]. 

 Research conducted by Ganguly et al. [199] on Al2O3/DiW nanofluids 

(particle size of 13nm) at various filler fractions ranging from 0.5vol.% up to 

3.0vol.% showed that electrical conductivity of the nanofluid increases almost 

linearly with increase of filler fraction and temperature. An increase of ~830% in 

effective electrical conductivity at 0.5vol.% was observed, while with temperature 

rise at 45°C, a remarkable  increase of 2127% in the electrical conductivity was 

measured for the same filler fraction. Similarly, Wong et al. [200] studied Al2O3/DiW 

nanofluids (mean diameter of 36nm) at diverse filler fractions up to 8.47vol.%, and 

temperature ranging from 2° to 50°C. Thermal conductivity was enhanced 22% for 

the 8.47vol.% filler fraction at ~46°C, as explained by Wong et al. electrical 

conductivities were greatly influenced by the nanoparticles addition. For instance, a 

~3450% increase in electrical conductivity was observed at low filler fraction of 

1.44vol.% (~100 µS/cm), and a highest value of 314 µS/cm was obtained for a 

8.47vol.% filler fraction. Hence, since DiW electrical conductivity is considered 
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negligible, Wong et al. attributed the contribution of the observed enhancements to 

the alumina nanoparticles. 

Ramaprabhu et al. [175] investigated the electrical properties effects of solar 

exfoliated graphene (sG) and MWCNTs within DiW and EG nanofluids. Electrical 

conductivities of base fluids (DiW and EG) at 25°C were measured to be ~3µS/cm 

and ~ 1µS/cm, respectively. Improvements in electrical conductivity were reported 

with incorporation of sG and MWCNTs. For instance, at 0.03vol.% sG/DiW 

nanofluid, the electrical conductivities were ~42µS/cm and  ~80 µS/cm at 25° and 

50°C, respectively, while at the same filler fraction sG/EG nanofluid, the electrical 

conductivities were ~3.2µS/cm and  ~6.0 µS/cm at 25° and 50°C, respectively. On 

the other hand, for the sG–MWCNT composite nanofluids also exhibited similar 

trend of enhancement in electrical conductivity. Electrical conductivity at 0.03vol.% 

sG–MWCNT/DiW resulted in ~45µS/cm and 85µS/cm at 25° and 50°C, respectively. 

Similarly for the same filler fraction of sG–MWCNT/EG nanofluids which resulted in 

3.6µS/cm and 6.4µS/cm. According to Ramaprabhu et al., graphene–MWNT 

composite-based nanofluids also exhibited enhancement in electrical conductivity, 

with temperature and filler fraction, increase, which can be due to the superb 

electrical conductivities of both, graphene and MWCNTs. As well as the excellent 

electrons transport through high-aspect-ratio network of graphene and MWCNTs. 
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For diverse applications, such as electric / electronic devices, power 

transmission systems, among others, besides the thermal dissipation performance, 

electric insulation is a critical factor. Certain fillers are able to not only improve the 

dielectric properties of the insulating fluids, but also enhance the thermal 

dissipation of components and devices as well [62][198]. Diverse properties of 

insulating fluids such as electrical resistivity and breakdown voltage are critical for 

these fluids performance. 

Du et al. [201] investigated the effects of TiO2 semi-conductive nanoparticles 

with diameter < 20nm, which were dispersed within insulating transformer oil at 

0.075vol.%. Du et al. observed that TiO2 nanoparticles increased the AC, DC and 

lightning impulse breakdown voltages of the reinforced insulating fluid by more 

20%, compared to base oil. Particularly, the time to impulse breakdown of the 

nanofluid was prolonged by ~50%. As it was explained by Du et al. this 

phenomenon was due electron trapping and de-trapping process in the shallow 

traps, which is one of the main charge transport processes in power transmission 

systems (i.e. electrical transformers), offering the significant improvement of 

breakdown performance of nanofluids. 

Zhang et al. [203] studied the dielectric properties of Fe3O4/natural esther 

nanofluid. Fe3O4 nanoparticles were treated by surface modification, obtaining 

hydrophobic-oleophobic characteristics of Fe3O4. Average diameters of the non-

modified nanoparticles are 40nm to 80nm, while modified fillers range from 10nm 

to 1000nm. As explained by Zhang et al., one possible reason of particles size 
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difference may be due to surfactants, which are compounded on the surfaces of 

modified nanoparticles, or probably to the fact of agglomeration of nanoparticles 

during surface modification process. In this study, a ~20% and ~14% improvement 

compared to raw natural esther fluid was observed in AC breakdown strength and 

lighting impulse breakdown voltage, respectively. As was also reported by Segal et 

al. [197], which indicated that the improvement of electrical strength of 

nanomodified insulating fluids was a result from its intrinsic dielectric stability, 

rather than some local effects on the needle – type electrode while testing. 

Similarly to the effect on thermal properties, it has been identified that 

another important factor that may affect the electrical conductivity is the 

agglomeration of the nanoparticles in a solution. The complex interconnection 

between the aggregation kinetics of the nanoparticles and the electrodynamics 

within the electrical double layer determines the charge transport process in the 

suspension [123]. As observed by Bordi et al. [124], formation of aggregates reduces 

the effective number of charge carriers; thereby reducing the electrical conductivity. 

Furthermore, the resulting increase in the effective “particle” size acts as a retardant 

to Brownian motion which has a negative effect on electrical conductivity. However, 

investigation is still insufficient on the approaches to prepare nanomodified 

insulating fluids and the properties of such types of materials. 
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2.2.2.3. Tribological performance 

Tribology is a science and technology that describes the interaction between 

surfaces and their relative movement, practices and materials associated, including 

friction, lubrication and wear. Friction and wear are two major causes of energy and 

material losses in mechanical processes. Friction plays a crucial role in diverse 

processes such as drilling, cutting, working pair components and mechanisms, 

among others; becoming more relevant in today’s life, a measurement for this 

property is the coefficient of friction (COF - µ), which is basically the ratio between 

the tangential (rolling and/or sliding) force and the applied normal load between 

components. Wear is a critical issue as components are in constant friction; a key 

measurement of the anti-wear properties of the lubricants and metal-cutting fluids 

is the wear scar diameter (WSD), which will be measured for various nanofluids in 

this work. Figure 2-6 shows diverse tribological test configurations that could be 

employed to determine coefficient of friction (COF) or wear of materials.  

Lubricants can be used to minimize contact friction between components, 

resulting into considerable energy and tooling savings [204]. However, frictional 

heat generated, when two or more moving surfaces are in contact, could reach high 

temperatures and needs to be drawn out from the system in an efficient manner, 

since it can also degrade lubricants or oxidize them; thus, good lubricants must 

possess adequate thermal conductivity as well. Lubricants thermo-oxidative 

stability is essential to minimize its degradation during service or storing. Also, 

changes in fluids viscosity and auto-oxidation are promoted due to the high 
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temperatures reached. These issues have negative effect in lubricant properties; 

hence, the thermo-stability of lubricants is an important property. 

 

Figure 2-6 – Common wear test geometries: (a) pin-on-disc with circular track 

(b) pin-on-disc with spiral track (c) pin-on-plate (d) block-on-ring (e) disc-on-

wheel (f) thrust washer (g) ball-on-prism (h) four balls. Pin-on-disc and pin-

on-plate may be identified as ball-on-disc or ball-on-plate, respectively, if the 

pin has a hemispherical tip.  (Adapted from [205]) 

 

The use of nanoparticles on lubricant nanofluids applications have the 

advantage of not to be temperature sensible and that tribo-chemical reactions are 

limited, compared to conventional additives [89][206-208]. A great advantage is 

that in cooling applications, there could be higher energy savings and less pollution 

emissions. Moreover, it is very important to mention that some of these used 

nanoparticles are environmental friendly. 
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A brief history about lubricants and metal-cutting fluids is described as 

follows. As mentioned by Childers [209], through 20th century, metal-working 

chemistry evolved from simple oils to sophisticated water-based technology. The 

evolution of these products is shown in Figure 2-7. As explained by Childers, this 

evolution started in 1910’s, where soluble oils were initially developed to improve 

the cooling properties and fire resistance of straight oils. By emulsifying the oil into 

water, smoke and fire were greatly reduced, thus improving working conditions at 

the factories. Nevertheless, a critical issue was observed; water-diluted fluids 

caused rust on the workpiece, thereby creating the need for rust inhibition. By 

1950’s synthetic fluids were first marketed because of better cooling and rust 

protection, compared to soluble oils in grinding operations. In early 1970’s oil 

shortages encouraged compounders of cutting fluids to formulate synthetic oil-free 

products that could replace oil-based fluids in all metal-working operations, which 

was reflected in better cooling and longer tank life due to good hard-water stability 

and resistance to microbiological degradation. However, soluble oils, while indeed 

more susceptible to bacteria growth, provide better tribological properties 

(lubricity) and easier waste treatability than synthetic fluids. Synthetic and 

semisynthetic fluids begin to attract attention in the 1980’s, displacing high oil 

content technology. In the 1990’s oil prices dropped, placing oil technology at the 

forefront in pricing, and because also waste treatments were a factor, soluble oils 

gain share over synthetics[209] (see Ref. [209] for further details). 
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Figure 2-7 –Evolutionary product life cycle (Adapted from [209]). 

 

The addition of nanoparticles (or nanoaditives) has been shown excellent 

enhancements in tribological properties in numerous fluids. These developments 

have been patented recently [210-212]. Moreover, diverse mechanisms by which 

dispersed nanoparticles in lubricants result in lower friction and wear have been 

shown in literature. These mechanisms include: (i) react with the surfaces creating a 

transferred solid lubricant film from nanoparticles under the contact pressure 

[213][214], (ii) rolling of nanoparticles in the contact zone, where the nanoparticles 

serve as a third body, which decrease the contact between the asperities of the two 

mating surfaces[215][216], (iii) reducing asperity contact by filling the valleys of 

contacting surfaces [89][217][218], (iv) shearing of trapped nanoparticles at the 

interface without the formation of an adhered film [219], and (v) tribosinterization 
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of nanoparticles can occur on the wear surfaces forming a film which also prevent 

the direct contact of rubbing surfaces and reduce greatly the frictional force 

between the contacting surfaces [89][220][221].  

As observed by Zhang et al. [216], a particular effect occurs when excessive 

concentration of nanostructures is added to nanofluids. In this case a threshold is 

reached and even though with higher filler fraction there is an improvement in 

tribological properties, there is an optimal filler fraction where wear is minimized, 

as it is explained by the tribological mechanism depicted in Figure 2-8. During a 

tribological test (4-balls tribotesting), components are in sliding contact, nanosheets 

can form a protective layer on the surface of each steel ball at lower concentrations, 

which introduces the enhanced anti-wear performance. However, as the nanosheets 

loading exceed a critical value, the fluid film will become much more discontinuous, 

thus degrading the anti-wear properties, finally leading to a dry friction.  

In machining for instance, friction between the tool and workpiece depends 

on diverse factors such as process parameters, cutting tool geometry and tool 

material, acting forces, pressure between tool and work interface, heat generation 

during the process, temperature of the contact zone and the cutting fluid applied 

[222]. The main function of coolants for metal-working is as follows: (i) reduce 

frictional heating, (ii) to divert the generated heat from the workpiece tool by an 

adequate flow of coolant, and (iii) to remove the chips produced in the process 

initially from the cutting tool [223]. There are several types of coolants and 

lubricants, such as oil-based, water-based, greases, solid lubricants, among others. 
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Figure 2-8 – Schematic diagram of the tribological mechanism of nanosheets 

as lubricant additives (Adapted from [216]). 

 

According to Rakic et al. [223] the main influential factors in the coolant 

systems are: particles, temperature, fluid composition and flow. Hence, as in this 

work it is investigated, 2D-nanostructures at low filler fraction have shown superb 

thermal conductivity properties, no significant enhancement in viscosity, and 

further in this Chapter, detail discussion on the tribological properties of diverse 

2D-nanofluids will be presented. 
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Diverse investigations have been developed to understand the behavior of 

nanofluids performance in tribological applications. For instance, on studies 

conducted by Zhang et al. [216] graphene was added into poly-α-olefin oil (PAO9); 

results indicated that addition of a small amount of graphene improved the anti-

wear properties of the lubricants with reduced WSDs. When 0.06wt.% of graphene 

was added, the reduction of the WSD was ~14%.  

Eswaraiah et al. [224] synthesized ultrafine graphene thru solar radiation 

exfoliation techniques (nanosheets of ~300nm by < 2nm thick). Nanofluids from 

these material and motor oil showed a decrease in COF of 80%, compared to base 

oil. This increase was attributed to the graphene tribological mechanism, which 

acted as nano-bearing within the oil, as well as for its excellent mechanical 

properties. Tribological tests were performed on 30-50nm in diameter CuO/poly-α-

olefin (PAO6) lubricant with a “block-on-ring” configuration by Hernández-Battez et 

al. [89]. Addition of 2.0wt.% of CuO in PAO6 showed a decrease up to 54% in COF. It 

was explained by Hernández-Battez et al. that nanoparticles could react with the 

surfaces, forming antifriction compounds and deposit on the wear surfaces by 

tribosinterization [89]. Moreover, Yu et al. [225] reported improved lubricating 

properties by adding 0.2wt.% Cu nanoparticles to lubricant oil; in their study Cu 

formed a soft film by friction-shearing and high pressure reducing the COF up to 

20%. Wu et al. [226] examined the tribological properties of nanofluids of API-SF oil 

(SAE30) and base oil, with sphere-like CuO, TiO2, and diamond nanoparticles. Their 

anti-wear behavior is attributed to the sphere-like morphology of the nanoparticles 
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resulting in a rolling effect between the surfaces; and the deposition of the 

nanoparticles on the worn surface, decreasing the shearing stress and COF.  

Peng et al. [227] found that modified diamond and SiO2 nanoparticles as 

liquid paraffin (LP) additives with diameters ranging from 92nm to 100nm and an 

optimal filler concentration of 0.2–0.5wt.% and 0.1–1.0 wt.%, respectively, had 

better tribological properties in terms of load-carrying capacity, anti-wear and 

friction reduction, compared to pure LP. As described by Peng et al. during the 

friction process a lubricating film of the nanoparticles forms between the rubbed 

faces. The nanoparticles in the film not only bear the load but also separate the 

rubbing faces, dominating the reduction in the wear and friction. 

Recently, Hu et al. [206] investigated the effects of MoS2 nanosheets (µm size 

in length and 30-70nm in thickness) dispersed in LP. Average COF for 0.5wt.% filler 

fraction of MoS2/LP was reduced ~60%, as well as WSD, which was reduced ~8%, 

compared to pure LP. The anti-wear properties of the base fluid with MoS2 

nanosheets was improved remarkably with increasing the MoS2 nanosheets up to 

0.5wt.%. According to Hu et al., due to the dimension and surface effect, it is 

ascribed that MoS2 could enter into the gap of the friction pair, functioning as 

lubricator. Wu et al. [228], studied the effects of 2D-nanosheets of MoS2 (~100nm in 

length by 10nm in width) with addition of 1.0wt.% of span-80 (sorbitant 

monooleate) as a surfactant in liquid paraffin (LP). Results were also compared with 

MoS2 microparticles (3–5µm in diameter). It was shown that COF was reduced by 

~18% at 1.5wt.% MoS2/LP; furthermore, the COF of nanosheets were lower and 
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more stable than that of microparticles due to the surface area effect [229]. As 

explained by Wu et al., the lubrication mechanism of layered 2D-nanosheets of MoS2 

was associated with the shearing of the weak van der Waals bonds between 

molecular layers. When MoS2 is used as an additive in base oils, besides molecules of 

base oils, MoS2 powder is also adsorbed on the surface of substrates. Then the 

adsorbed MoS2 is burnished and forms stable films, which can endure high loads 

and improve tribological performances of the base oil. Therefore, with addition of 

MoS2 particles, the COF of base oil (liquid paraffin, LP) are reduced significantly. 

Similarly, Kao et al. [230] used TiO2 nanoparticles (~50nm in diameter) as additives 

in paraffin oil to reduce the friction between cast iron components. Tribological 

studies revealed an enhancement of ~24% in COF at 60°C; it was concluded that the 

spherical nanoparticles provide good rolling to reduce friction between two parallel 

specimens, as nanoparticles could fill rough cracks in a metal wall surface to reduce 

the COF.  

Research conducted by Wang et al. [231] on Au/ionic nanofluids (Au ~5nm 

in diameter) stabilized by CTAB showed an enhancement in tribological 

performance under a load of 800N for a very low filler fraction nanofluid 

(~0.001vol.%). COF and wear volume was reduced by ~14% and ~45%, 

respectively, compared to pure 1-butyl-3-methylimidazolium hexafluorophosphate 

([Bmim][PF6]); confirming that Au nanoparticles can be good additives for high 

performance lubricants, particularly under high loads. Also, thermal conductivity 

studies were conducted, a thermal dependence was observed where enhancements 



 78 
  

of the effective thermal conductivity were shown from 30° to 80°C. For instance, an 

increase of ~13% at 80°C for 0.001vol.% Au nanofluid was observed. 

For the protection of mechanical components, from friction and wear in 

aerospace, automotive, military, and various industrial applications, an efficient 

lubricant is demanded, graphene is a widely known material for this purpose. More 

recently, BN has attracted attention, since it has similar properties as graphene. 

Among diverse applications, BN could improve lubricity properties of composites 

under friction or wear applications as well. Zhang et al. [232] and Saito et al. [233] 

for instance, have observed a decrease in COF with increasing temperature in 

composites containing BN and have attributed this to the lubricating nature of BN. 

Silver (Ag) is also used due to its relatively larger coefficient of diffusion and its 

nature to form low shearing stress junctions at sliding interfaces, resulting in good 

lubrication. However, h-BN high thermal stability, good chemical inertness, and high 

thermal conductivity, makes it suitable candidate to be a “clean” lubricant [232].   

There are studies available in literature on the coatings prepared by addition 

of h-BN. Leon et al. reported that Ni–P–hBN autocatalytic composite coating with 

35vol.% hBN sliding against AISI52100 steel ball in room temperature had a COF of 

∼0.2 [234], while steel on steel COF is ∼ 0.8. Avril et al. reported that laser melting 

hBN/α-Fe(Cr) coating showed lower COF and better wear resistance than untreated 

steels under dry sliding within a temperature range of 25 - 500°C [235]. 
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Hence, for metal-mechanic and oil/petroleum industry which deal with 

drilling, cutting, or other friction characteristics with working tools, this research 

will be suitable. Table 2.6 shows the influence of oil-based nanofluids in tribological 

applications with COF and Wear performance of various materials. 

 

Table 2.6 –Influence of nanofluids (Oil-based) in tribological applications. 

Filler Type of Oil 
Nanoparticles 
morphology 

Filler 
fraction 

COF 
decrease 

Wear 
decrease 

Ref. 

CuO Poly-α-olefin oil Spherical ~ 30-50 nm diam. 2.0 wt.% ~ 54 % - [89] 

CuO 
Poly-α-olefin oil (25°C) 
Poly-α-olefin oil (80°C) 
Poly-α-olefin oil (140°C) 

Spherical ~ 20 nm diam. 0.2 wt.% 
~   5 % 
~ 10 % 
~  20 % 

~ 13 % 
~ 21 % 
~ 23 % 

[225] 

CuO API-SF engine oil  Spherical ~ 5 nm diam. ~ 0.10 wt.% ~ 20 % ~ 17 % [226] 

CuO SAE30 oil Spherical ~ 5 nm diam. ~ 0.10 wt.% ~   6 % ~ 79 % [226] 

Diamond API-SF engine oil Spherical ~ 10 nm diam. < 0.10 wt.% ~   4 % ~ 43 % [226] 

Diamond SAE30 oil Spherical ~ 10 nm diam. <  0.10 wt.% - ~ 62 % [226] 

Graphene Engine oil  Sheets ~300nm, < 2nm thick 0.025 wt.% ~ 80 % ~ 33 % [224] 

Graphene Poly-α-olefin oil1 Sheets ~ µm size 
0.02 wt.% 
0.06 wt.% 
1.00 wt.% 

~ 17 % 
~ 13 % 
~ 12 % 

~   9 % 
~ 14 % 
~ 12 % 

[216] 

h-BN CIMFLO 20 oil2 Spherical ~ 70 nm diam. 1.0wt.% - ~ 55 % [217] 

MoS2 CIMFLO 20 oil2 Spherical ~ 70-100 nm diam. 4.0wt.% ~ 10 %2 ~ 65 % [217] 

SWNT Mineral Oil (SAE 20) 
Rods ~ Length: µm range                        
               Diameter: ~ 1 nm  

0.05 wt.% 
1.00 wt.% 

~ 20 % 
~ 14 % 

- [236] 

TiO2 API-SF engine oil  Spherical ~ 80 nm diam. ~ 0.10 wt.% ~ 15 % ~ 40 % [226] 

WS2 CIMFLO 20 oil3 Spherical ~ 50 nm diam. 4.0wt.% - ~ 66 % [217] 

Notes: If not specified, measurements were conducted at Room Temperature.  

 1 Oleic acid was added ~ 5vol.% 

 2 On steel/440C systems 
 3 On titanium/440C pairs, 
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2.2.3. Two-Dimensional (2-D) Nanostructures 

Initial studies on 1-D nanostructures got immediate attention soon after the 

landmark paper by Iijima [4] on carbon nanotubes (CNTs) in 1991 and various 

types of organic-inorganic 1-D nanostructures were realized thereafter [237].  

More recent advances in layered materials enable large-scale synthesis of 

various two-dimensional (2D) materials [5][15][119][195][224][238-242], where 

the atoms are arranged in flat layers, which can be stacked on top of each other. One 

of the most common naturally layered materials is graphene, which has been widely 

studied for its superb properties and applications in diverse fields. 2D materials can 

be good choices as nanofillers in heat transfer fluids, due to the high surface area 

they have available for heat transfer. 

A common production route of these layered nanostructures is exfoliation; 

where material individual layers are separate out from each other, either chemically 

or mechanically (i.e. abrasion) [15][51][119][243-245]. It is important to mention 

that even though exfoliation can be achieved mechanically on a small scale 

[243][244], liquid phase methods are required for diverse applications such as 

nanoelectronics, MEMS/NEMS, chemical and pressure sensors, etc.  [245]. Another 

possible route to obtain these 2D-structures is by direct chemical growth of 

individual layers (i.e. graphene sheets) through chemical vapor deposition 

technique (CVD) on the surface of a metals catalyst (i.e. copper, silica) by heating at 



 81 
  

high temperatures (~ 600°C – 1,200°C) and passing a carbon containing gas such as 

methane over the catalyst [238].  

In 2011, a breakthrough research by Coleman et al. [119] showed that they 

were able to synthesize diverse 2D materials (MoS2 WS2, BN, Bi2Te3, MoSe2, MoTe2, 

NiTe2, etc.) by wet exfoliation technique. Exfoliation of 2D insulators such as Bi2Te3, 

Bi2Se3 and h-BN would reduce its residual bulk conductance, highlighting surface 

effects. Other important aspect is that changes in electronic properties, as the 

number of layers are reduced is expected [119][239]. This class of materials 

represents a diverse and largely unexploited source of 2D systems with interesting 

physico-mechanical and electrical properties, with high specific surface areas that is 

important for sensing, catalysis, and energy storage applications [119]. Hence, like 

graphene [5][246], layered materials must be exfoliated to achieve their full 

potential. Some of the basic host lattice dimensionalities of materials are 

schematically shown in Figure 2-9 

 

Figure 2-9 – The basic host lattice dimensionalities; 3D (crystals), 2D (layers), 

1D (rods, tubes, chains), 0D (separate molecules)(Adapted from [238] [247]). 
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2.2.3.1. Hexagonal Boron Nitride (h-BN) 

In this research, focus will be on a novel 2D-material, hexagonal boron 

nitride (h-BN), which is a ceramic material that exhibits versatile properties such as 

outstanding mechanical stability, remarkable chemical inertness, anti-wear 

promotion, high electrical resistivity and superb thermal conductivity 

[5][42][48][248-253]. On the other hand, h-BN is an effective solid lubricant, it is 

suitable for diverse applications such as metal-working processes where lubrication 

at high-temperatures is required and is widely used in high-temperature wear 

sealing materials of aerospace engines [190][191][253]. 

Boron and Nitrogen atoms behave similarly to carbon when bonded with 

each other to form Boron Nitride, exhibiting many similar structures as carbon only 

with alternating B and N atoms instead of C atoms ( See Figure 2-10) [254]. Because 

of this, there are many forms of Boron Nitride (BN) that coincide with carbon 

structures and have a variety of properties and functions.  

Hexagonal Boron Nitride (h-BN) (so called “white graphite” due to its 

structural similarity to graphite) is a common form of BN that has a similar 

configuration to graphite which has been recently studied  [15][42][51][119][144]. 

Like graphite, this honeycomb layered material has hexagonal ring layers separated 

by 3.33 Å, in which every boron atom is connected to three nitrogen atoms by strong 

covalent bonds and vice-versa; the B-N distance is 1.44 Å. Between the layers, every 

boron interacts with a nitrogen atom through a Van der Waals force [251][255]. 
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Therefore, the strong B-N bond makes an h-BN atomic layer a mechanically strong 

material, quite analogous to graphene, and individual BN layers could be isolated 

from bulk h-BN crystals [15][119][243]. Similar to graphene, few-layered h-BN can 

be synthesized via CVD, liquid exfoliation, and traditional mechanical exfoliation 

methods. As an insulating material with very high thermal conductivity [256], h-BN 

surpasses other nanofillers and is an attractive material for high thermal-

conductivity and electrically insulating composites [15][52][144][249][257]. 

Nevertheless, theoretical studies indicate that high thermal conductivities can only 

be achieved from the (002) planes (up to hundreds to thousands of W/m K) 

[53][258]; through a synthesis process of wet exfoliation, h-BN can give maximum 

exposure to these (002) lattice planes, this will be further discussed in the following 

chapters. Meantime, some thermal management systems need electrically 

conducting fillers for static electric charge dissipation. Graphene-based systems are 

good for these applications where they can do both thermal and electrical 

management. This shows how h-BN will be specially applicable and useful in 

thermal management applications, where also electrical insulation is required. 
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Figure 2-10 – Scheme of h-BN and graphite structure (Adapted from [259]) 

 

It is also important to mention that boron nitride (BN) is environmentally 

and skin friendly; proof of this is that BN is widely used as main ingredient for 

cosmetics. According to the Cosmetic Ingredient Review (CIR) report from 2012, BN 

is used in 483 cosmetic formulations. Products containing BN are reported to be 

used on baby skin (in a lotion, oil, powder, or cream), eye area or mucous 

membranes. BN is reported to be used at up to 25% in eye product formulations, at 

2% in lipstick formulations, up to 16% in powders, and at up to 0.9% in fragrance 

preparations [260].  

Hence, since little research have been conducted on 2D nanostructures, and 

particularly on Boron Nitride, exfoliated h-BN, having a few layers in thickness has a 

remarkable opportunity to overcome the material of the future in the thermal 

management field for diverse applications, including electrical / electronic, since its 

nature allows it to be a thermal conductor but an electrical insulator.  
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2.3. Chapter Summary 

The aim of this chapter was to present general concepts and to explain how 

the incorporation of nano-size particles to conventional heat transfer fluids have 

great impact in the heat transport performance, as well as physical, electrical and 

tribological properties. A brief introduction about nanofluids was presented. 

Diverse heat transfer variables are important to understand the effects of nanofluids 

behavior on these properties; such as particles size, morphology, filler fraction, and 

the effect of agglomeration, stability, temperature and the use of surfactants or 

additives  

2D-nanostructures have been widely studied, such as graphene, but little 

research has been done on materials like h-BN for industrial applications, such as in 

high voltage power transmission systems, engines, and metal-mechanic 

components. Various processes to obtain 2D-nanostructures were briefly presented 

as well. Due to its properties, exfoliated h-BN is suitable for these types of 

products/applications, where efficient thermal transport (thermal conductivity) is 

important, as well as electrical insulation and anti-wear / lubrication performance. 

In the following chapter, more detail of the 2D-nanostructures synthesis and 

characterization will be presented. 
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Chapter 3 

Materials Synthesis:              

Preparation and Characterization 

The manipulation of matter on the nanometer scale has become a central 

focus from both fundamental and technological perspectives. Unique, unpredictable, 

and highly intriguing physical, mechanical, optical, electrical and magnetic 

phenomena result from the confinement of matter into nanoscale features. 

Morphology control in nanostructures has become a key issue in the preparation of 

electronic or mechanical nanodevices and functional materials [261]. 

There are two general synthetic protocols for nanostructured materials; top-

down approach and bottom-up approach. In the top-down approach, the bulk 

material is brought in to smaller dimension by diverse tools, such as mechanical 

alloying - mechanical abrasion (high energy ball milling), various tools of 

patterning-chemical etching and optical lithography, and various methods to create 
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ultra-thin films of materials - thin film evaporation and sputtering [148]. Bottom-up 

approach assures high monodispersity, possibility of further chemical 

derivatization, high degree of crystallinity and specificity, chemical integrity and 

lack of defects. Due to these reasons Bottom-up approach is thought to be more 

reliable than top-down approach. 

 

Figure 3-1 - Scheme of Bottom-Up and Top-Down approaches. 
(Adapted from [262]) 

 

A wide variety of combinations of nanostructures and conventional fluids can 

be used to synthesize and prepare stable nanofluids for diverse applications. As 

mentioned in Chapter 1, nanofluids could be manufactured by two methods, one-

step or two-step. In my study nanofluids are produced by a two-step method using 

high-shear ultrasound technique to disperse nanoparticles / nanostructures within 

a fluid, which will be discussed as following.  
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3.1. Synthesis and preparation of Nanofluids 

3.1.1. Materials 

As mentioned in Chapter 1, diverse conventional fluids are used for cooling 

applications, with the main limitation of the relatively low thermal conductivity. 

Among these conventional fluids mineral oil (MO) (standard dielectrical oil) is 

widely applied to diverse electrical / electronic devices as cooling and dielectric 

insulator fluid. Supplier Nynas oil is used as the main conventional fluid for this 

research (See Table 3.1). Mineral oil refined from petroleum is known as a good 

insulating material because of its good electrical properties, aging behavior, and low 

viscosity. Other characteristics such as the low relative permittivity also give a 

positive point for electrical / electronic devices operation. Lubricating / metal-

cutting fluids are also other conventional fluids with large application fields such as 

in automotive and households appliances industry particularly. These lubricants 

have many different chemicals in them, with very different properties. The 

temperature at which these fluids start burning is called flash point. It is determined 

by the chemicals that burn at the lowest temperature. The higher the flash point, the 

more stable the fluid is at high temperatures and the less the fluid in its application 

will burn or degrade. Other important aspect is the pour point, which is the 

temperature at which the fluid stops flowing like a liquid. The lower this property is 

the better or more suitable the fluid will be in cold environments, this property will 

be further discussed in Chapter 3. Deionized water (DiW) and ethylene-glycol (EG) 
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are also used as conventional fluids in this work for thermal characterization. 

Similarly, industrial lubricants and metal-cutting fluids used in the automotive 

industry are used in this research, mainly for tribological properties.  

 

Table 3.1 –Dielectric mineral oil properties. 

Property Test Method  Mineral oil 

Density, 15 °C (g. / cm3) ASTM D 1298 0.890 

Viscosity, 40 °C (mm2 /s) ASTM D 445 12 (max.) 

Viscosity, 100 °C (mm2 /s) ASTM D 445 3 (max.) 

Flash point (°C) ASTM D 92 145 (min.) 

Pour point (°C) ASTM D 97 ~   - 40 

Interfacial tension at 25°C (mN / m) ASTM D 971 40 (min.) 
 

  Note: Information from supplier – Nynas  

 

Commercially available micron-sized h-BN powder is obtained from Sigma 

Aldrich (1µm, 98%). The graphene (G) is obtained as a graphitic powder from Bay 

carbon, Inc. SP-1 grade 325 mesh. Both materials were synthesized by the wet 

exfoliation method [119]. Organic solvents; isopropyl alcohol (IPA, room 

temperature surface tension ~ 23mN/m) or Dimethyl formamide (DMF, room 

temperature surface tension ~ 37mN/m) are obtained from Sigma Aldrich and are 

used as materials exfoliation fluid medium. 
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3.1.2. Synthesis of 2D nanostructures 

Organic solvents, such as IPA or DMF, could be used to fill out container 

batches where the micron sized h-BN powder is added.  Subsequently, the prepared 

solution is extensively sonicated (~3 hours) in a Branson 5510 water bath 

sonicator, keeping the temperature of the water bath constant (room temperature  

~ 300K).  Care is taken in changing the water every hour so the temperature of the 

water bath sonication is maintained constant, allowing a good nanoparticle 

exfoliation. Details of 2D nanostructures synthesis are described in a patent [263]. 

  After sonication, the solution is centrifuged with a Thermo Fisher Scientific 

sorvall biofuge stratos centrifuge for 30 minutes with a high rate of 1,500rpm. The 

whitish supernatant (top part) is decanted and is vacuum filtered system, using a 

Sartorious PTFE – filter membrane with a pore size of 0.2 µm (See Figure 3-2). After 

this process 2D   h-BN nanosheets ( ~500nm by 500 nm, ~5 layers in thickness) are 

obtained. The collected white powder is stored in a vial for further process.  

The graphene (G) is prepared by the same liquid exfoliation method using 

the graphitic powder. Similarly to the h-BN, batches are prepared with the organic 

solvent and graphitic powder. The initial material is sonicated for 6 hours and the 

resultant solution is centrifuged for 30 minutes at a high rate of 3000 rpm. The 

resultant blackish supernatant is decanted and vacuum filtered using a Sartorious 

PTFE – filter membrane with a pore size of 0.2 µm (See Figure 3-3). The collected 

black powder (~8 – 10 layers in thickness) is stored in a vial for further process. 
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Figure 3-2 - a) Filtration system, b) collected exfoliated h-BN powder in a PTFE 

membrane and c) “peeled” exfoliated h-BN powder. 

 

 

Figure 3-3 - a) Collected exfoliated graphene powder in a PTFE filter 

membrane and b) “peeled” exfoliated graphene powder. 
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By wet exfoliation of bulk compounds crystals in common solvents give 

mono- and few-layer nanosheets. This method is insensitive to air and water and 

can potentially be scaled up to give large quantities of exfoliated material [119].  The 

schematic of wet exfoliation of micron sized layered h-BN crystals to 2D h-BN 

nanosheets is depicted in Figure 3-4.  

 

 

Figure 3-4 - Schematic of liquid exfoliation of h-BN crystals in to 2D  h-BN 

nanosheets using sonication and centrifugation. Organic solvent, IPA or DMF, 

(green spheres in figure) is used for liquid exfoliation. 
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3.1.3. Synthesis and preparation of 2D nanostructures-based Nanofluids 

As previously mentioned in Chapter 1, nanofluids could be manufactured by 

two methods, one-step or two-step. In most experimental studies, nanofluids are 

synthesized in a two-step process [15][51][63][69][94][115][185][194][264-272], 

which is the first and the most classic synthesis method of nanofluids. In the first 

step, nanoparticles are prepared by mechanical comminuting, chemical reaction, 

vapor condensation or decomposition of organic complex [61][183][273][274]. 

Then it is followed by the second step in which the as-produced  nanoparticles are 

dispersed into base conventional fluids with mechanical agitation (stirring) or 

ultrasonication [187][194][270][275-280] . 

23 ml. glass vials are used to maintain the samples, where the synthesized 

2D-nanostructures are dispersed within mineral oil and other conventional fluids at 

diverse filler fractions, ranging from 0.01wt.% to 0.10wt.%. Afterwards, 

ultrasonication, which applies sound energy to agitate the nanoparticles within the 

sample, is used for ~ 1 – 2 hrs.  Sonication is used to speed dissolution by breaking 

intermolecular interactions, it is especially useful when is not possible or difficult to 

stir a sample. Sonication is commonly used to homogeneously dispersing 

nanoparticles in a fluid. 

Nanofluids are homogenized with or without surfactants, depending on the 

properties of interfaces between reinforcing nanostructures and conventional 

fluids. The main advantage of the two-step synthesis method is that it produces 
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nanostructures under neat conditions, without undesirable surface coatings or 

other contaminants [83]. It has been observed that one main issue is that 

agglomeration of the nanostructures may occur. When fine solid nanostructures are 

dispersed within conventional fluids, they often do not form a stable solution, many 

of the nanostructures aggregate in form of clusters. When surfactants are used, 

uniform dispersions can be stabilized by the interaction with the nanostructures. 

When absorbed on the surfaces of solid nanostructures, the surfactant molecules 

can form a coating layer to prevent aggregation of the nanostructures and impart 

solubility to nanostructures in conventional fluids, so that the prepared nanofluids 

can maintain certain stability without visible sedimentation for several weeks or 

even months. Nevertheless, surfactants can decrease the thermal conductivity of the 

nanofluids since surfactants introduce defects at the interfaces [57], hence care 

must be taken upon this particular phenomenon with the conventional fluids that 

are being studied. 

In this work, nanofluids are produced by a two-step method using high-shear 

ultrasound technique to disperse 2D-nanostructures within the conventional fluids; 

particular focus is on dielectric mineral oil (MO) due to interest in electrical / 

electronic components and applications. Exfoliated h-BN or graphene powder is re-

dispersed in MO by sonication for ~ 3 hrs. at room temperature, and maintaining  

the temperature of the water bath constant. The properties of these nanofluids will 

be compared to base conventional fluid. Surfactants are not used in both the cases. 



 95 
  

Similar process was used to prepare other nanofluids. The photographs of various 

prepared nanofluids, MO-based, at diverse filler fractions are shown in Figure 3-5. 

 

 

Figure 3-5 - a) Photograph (in dark ground) of MO, h-BN/MO (0.01wt.% and 
0.10wt.%); showing the transparency of the nanofluids, b) schematic of 2D 

layers (h-BN or graphene) in MO stabilized via Brownian motion and 
interactions with MO, and c) Photographs of pure MO and various suspensions 

of h-BN/MO and graphene/MO in yellow background. 
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3.2. Analysis tools, techniques and preliminary results 

Diverse tools and techniques are used to characterize the 2D nanostructures 

as well as the 2D-nanostructure based nanofluids. 

 

3.2.1. X-ray diffraction studies (XRD) 

X-rays were discovered in 1895 by the German physicist Roentgen and were 

so named because their nature was unknown at the time [281]. X-ray diffraction 

patterns have been widely used in nanoparticle research as a primary 

characterization technique for obtaining features like crystal structure, crystallite 

size, and lattice constants. Information about particle size distribution and 

mechanical stress can be inferred from the analysis of the width of the diffraction 

lines.  

X-rays are high energy electromagnetic radiation having energies ranging 

from about 200 eV to 1 MeV. The three basic components of X-ray diffractometer 

are X-Ray source, specimen and X-ray detector. A thin layer of the sample powder is 

spread on a flat non-diffracting glass slide and is exposed to the x-ray beam. The 

XRD patterns of the samples were recorded on the X-ray diffractometer (Rigaku 

D/Max Ultima II Powder XRD) using CuKα radiation (λ=1.5418 Å), which has energy 

of 8.04 keV. 
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In XRD a collimated beam of X-ray with a wavelength of 1.5418 Å is incident 

on a specimen and is diffracted by the crystalline planes in the specimen according 

to the Bragg’s law [282]. 

      n λ = 2 d Sin(θ)       Eq. 3.1 

Where λ is the wavelength of the X-radiation, n is an integer, d is the spacing 

between atomic planes in the crystalline planes and θ is known as diffraction angle. 

The intensity of the diffracted X-rays is measured and plotted as a function of 

diffraction angle 2θ. From the 2θ values of the peaks, the lattice spacing (d) values 

are calculated using equation 2.1. Lattice parameter was calculated assuming cubic 

symmetry by employing the relation: 
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Eq. 3.2 

 

The lattice parameter “a” can be calculated from the following equation: 
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Eq. 3.3 

 

The average particle size could be determined from the measured width of 

their diffraction curves by using Debye Scherrer’s formula [281], 

  
     

       
 

 
Eq. 3.4 
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Here λ is the wavelength of CuKα radiation (λ = 1.5418 Å), β is the angular 

width which is equal to the full width half maximum (FWHM).  

The X-ray diffraction pattern of exfoliated h-BN and G is depicted in Figure 

3-6. The XRD of dried h-BN 2D-nanosheet powders shows a prominent (002) peak 

indicating a maximum exposure of 002. The pristine graphite consists of sharp XRD 

reflection peaks indicating the presence of many numbers of graphitic layers. In the 

case of exfoliated graphite (G) the reflection peaks are broadened (black). But still G 

consists of few layers of ordered graphene sheets. The number of layers can be 

calculated from the Lorentzian curve fitting of (002) reflection peak (the 100% 

peak) and Debye-Scherrer formula. 

 

 

Figure 3-6 - (left) XRD pattern of dried exfoliated h-BN and (right) graphene 

and graphite powders patterns. 
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3.2.1. Energy-dispersive X-ray spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an analytical 

technique used for the elemental analysis or chemical characterization of a 

specimen. Its characterization capabilities are due to the fundamental principle that 

each element has a unique atomic structure allowing unique set of peaks on its X-ray 

spectrum [283].  

EDS makes use of the X-ray spectrum emitted by a solid sample bombarded 

with a focused beam of electrons to obtain a localized chemical analysis. The X-rays 

are detected by an energy dispersive detector, which displays the signal as a 

spectrum, or histogram, of intensity (number of X-rays or X-ray count rate) versus 

energy (keV). The energies of the characteristic X-rays allow the elements making 

up the sample to be identified, while the intensities of the characteristic X-ray peaks 

allow the concentrations of the elements to be quantified. 

 

3.2.2. Raman spectroscopy 

Raman spectroscopy is a non-destructive method that provides a 

“fingerprint” by which materials molecules can be identified, as well as changes in 

chemical bonding for instance. It measures bulk samples, and does not require 

special sample preparation. 
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Raman spectroscopy measurements were obtained by a Renishaw 

MicroRaman spectrometer with a 633nm diode laser. Raman spectrum of exfoliated 

nanosheets of h-BN at 1369 cm-1 originates from E2g mode of B-N bond vibration, on 

the other hand, the Raman spectrum of graphene shows the disorder-induced D 

peak at ∼1350 cm-1, G peak at ∼1595 cm-1, and 2D peak at 2695 cm-1 [252] as seen 

in Figure 3-7. 

 

Figure 3-7 - (left) Micro-Raman spectrum of exfoliated h-BN depicting the E2g 

mode of B-N vibrations in h-BN nanosheets and (right) graphene nanosheet 

powders depicting identifier peaks. 

  

3.2.3. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy is a straight forward technique to 

determine the size and shape of the nanostructured materials as well as to obtain 

structural information. Typically, a drop of a given solution is placed on a holey 



 101 
  

carbon grid and dried in ambient conditions, in order to prepare a specimen for 

TEM observation. In TEM, electrons are accelerated to 100 keV or higher projected 

on to a thin specimen by means of a condenser lens system, and penetrate in to the 

sample [261][284]. TEM uses transmitted and diffracted electrons which generates 

a two dimensional projection of the sample. In TEM, one can switch between 

imaging the sample and viewing its diffraction pattern by changing the strength of 

the intermediate lens. The greatest advantage that TEM offers are the high 

magnification ranging from 50 to 106 and its ability to provide both image and 

diffraction information from a single sample. 

 

3.2.4. High-Resolution TEM 

High resolution transmission electron microscope (HRTEM) [285] can 

generate lattice images of the crystalline material allowing the direct 

characterization of the samples atomic structure. The resolution of the HRTEM is 

1nm or smaller. However, the most difficult aspect of the TEM technique is the 

preparation of samples. When viewed at high-magnification, it is possible to see 

contrast in the image in the form of periodic fringes. These fringes represent direct 

resolution of the Bragg diffracting planes; the contrast is referred to as phase 

contrast. The fringes that are visible in the high-resolution image originate from 

those planes that are oriented as Bragg reflecting planes and that possess 
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interplanar spacings greater than the lateral spatial resolution limits of the 

instrument. 

TEM was performed in a Jeol 2100 Field Emission Gun Transmission 

Electron Microscope (JEM 2100F TEM), operated at 200 kV while HR-TEM images 

were taken with. 

 

3.2.5. Selected area electron diffraction pattern (SAED) 

SAED offers a unique capability to determine the crystal structure of 

individual nanomaterials and the crystal structure of the different parts of a sample. 

A small area of the specimen can be selected from a high resolution transmission 

image and its electron diffraction pattern (rings or spots) produced on the screen of 

the microscope by making appropriate arrangement in the lenses of TEM.  

The TEM and HR-TEM images of the exfoliated h-BN are shown in Figure 3-8. 

The corresponding selected area electron diffraction (SAED) is shown in the inset of 

Figure 3-8c, the diffraction rings show the crystallinity of the h-BN layers with 

rotational disorder [252]. The h-BN powder is exfoliated into thin layers containing 

few atomic layers ~5-10 layers (Figure 3-8d). 
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Figure 3-8 - (a) and (b) TEM images of h-BN, (c)  TEM image of h-BN 

(corresponding SAED pattern is shown in inset) showing few layered sheets. 

(d) HR-TEM image of h-BN showing the number of layers is ~5. 

 

The TEM and HR-TEM images of exfoliated graphite (graphene, G 

nanosheets) are shown in Figure 3-9. The HR-TEM indicates that G typically 

contains ~8 - 10 atomic layers. Particles size distribution for exfoliated h-BN and 

graphene are shown in Figure 3-10.  
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Figure 3-9 - (a) TEM (inset SAED) and (b) HR-TEM of G, number of layers ~10. 

 

 

Figure 3-10 - Particles size distribution of (a) h-BN and (b) G. 
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3.2.6. Dynamic light scattering (DLS) & Zeta potential 

Hydrodynamic diameter of 2D nanostructures was determined by photon 

correlation spectroscopy measurements (PCS), using a Zetasizer Nano ZEN3600 

(Malvern Instruments). The apparatus was equipped with a He–Ne laser emitting 

light at 633nm and a detector recording intensity of light scattered at 90°. The 

hydrodynamic diameters of 2D-nanostructures were measured at 25°C. The 

nanofluid with low filler fractions of h-BN (0.01wt.% - 0.10wt.%) is highly stable 

within MO with a high shelf-life (found to be stable even after 2 - 3 months) without 

any surfactant. Not in the case of the graphene-based nanofluid, that only maintains 

stable for a few days. 

 The zeta potential (measured using Malvern ZEN3600 Zetasizer (Zetasizer 

Nano)) of the 0.10 wt.% h-BN/MO nanofluid is found to be ~ 22mV indicating the 

stability of the nanofluid. However, the graphene nanofluid is relatively less stable 

with relatively low zeta potential value ~10 mV (See Table 3.2 for reference). 

 

Table 3.2 – Colloidal stability, according to zeta potential value [286][287]. 

 

 

Zeta potential [mV] Stability behavior of the colloid 
  

From 0 to ±5, Rapid coagulation or flocculation 
From ±10 to ±30 Incipient instability 
From ±30 to ±40 Moderate stability 
From ±40 to ±60 Good stability 
more than ±61 Excellent stability 
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The exfoliated layers can be stabilized in MO via molecular interactions as 

well Brownian motion. The interaction of oleophilic layers (particularly that of        

h-BN) with the MO can contribute to the enhanced stability of the suspensions (the 

high hydrodynamic radius ~1,000nm found from DLS studies of h-BN/MO and 

G/MO (~1,300nm) also suggests interaction between layers due to their oleophilic 

nature). The possible interaction between exfoliated layers and MO is further 

discussed in the following chapters. 

3.3. Chapter Summary 

Nowadays, many technologies search for the highest efficiency, mainly and 

more than ever before, on the cooling challenges within machines, devices and 

components. Diverse nanoparticles of oxides, metals, ceramics, CNTs and others 

have been investigated. Several efforts have been made trying to homogeneously 

disperse nanostructures into conventional fluids to obtain enhanced thermal 

properties. Thermal transport, viscosity, lubrication, electrical behavior, among 

other properties have been investigated as well.  

Experimental and theoretical studies have shown that nanofluids have 

attractive characteristics that make them ideal for cooling systems. Their improved 

thermal transport properties allows for the dissipation of more thermal energy even 

by using less coolant. Nanofillers size has positive effect on conventional fluids 

performance, i.e. compared to larger dispersed solid particles making flow through 

small channels much more easier, also since diverse parameters are critical for 
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devices performance, such as morphology and stability of dispersed nanostructures 

within conventional fluids, fluids composition, viscosity, fast sedimentation, 

channels clogging, wear or erosion, among others, which are often very serious for 

systems consisting of small channels. Engine oils, insulating fluids, lubricants, and 

other synthetic heat transfer fluids all possess poor heat transfer capabilities and so 

they could benefit from the high thermal conductivity offered by nanofluid 

techniques. 

Some nanofluids are currently expensive, partly due to the difficulty in 

manufacturing either the nanostructures to be afterward dispersed in conventional 

fluids or the nanofluids by themselves. Hence, mass production of nanostructures 

could further decrease the cost, also low filler fraction is necessary to make 

nanofluids more affordable before they will see widespread applications. 

Thermal, physical and electrical performance of the studied nanofluids will 

be presented in the following chapter. 
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Chapter 4 

Experimental Methods:             

Thermal, Physical and Electrical 

Extensive studies have been conducted to investigate thermal transport 

properties of nanofluids since first developments in 1990’s, and the improvement in 

thermal properties has been observed in diverse nanofluids systems. The majority 

of these investigations have been focused on highly thermal conductive 

nanostructures, such as CNTs. Also, diverse oxide nanoparticles such as Al2O3, CuO, 

and TiO2, among others have been greatly studied due to their excellent dispersion 

properties in conventional fluids [28][32-37][68][76][78][91-93][97][100][102] 

[129][130][190][272][288-294]. Most of these studies have been performed at 

room temperature; however temperature dependence of thermal properties is an 

important factor that needs attention and that has not been widely studied, but only 



 109 
  

from few researchers [11][15][36][46][51][66][74][76][78-84][99][144][146] 

[154-157][161-164][179][188][190].   

This chapter details the experiments set-up, thermal conductivity, viscosity, 

pour point and electrical measurements of 2D-nanosheets of h-BN, compared as 

well with its analogous exfoliated graphene. Thermal conductivity and viscosity 

measurements are performed at different temperatures for diverse filler fractions of 

2D-nanostructures within conventional fluids. As mentioned in Chapter 3,                

2D-nanosheets have dimensions of ~ 500nm by 500nm, with a thickness of ~ 5 to 

10 atomic layers for h-BN and ~8 to 10 atomic layers for graphene as shown in 

Figure 3-8 and Figure 3-9. Afterwards, the 2D-nanosheets were dispersed into 

conventional fluids and sonicated to have homogeneous and stable nanofluids. The 

transient hot-wire technique is employed to measure the thermal conductivity of 

nanofluids, and is explained in detail in this Chapter.  

 

4.1. Thermal property 

The thermal conductivity (k) of liquids can be successfully measured if the 

time taken to measure k is very small so that the convection current does not 

develop [295]. Effective thermal conductivity (keff) is described as the nanofluids 

thermal conductivity, compared to conventional fluids thermal conductivity (k). 
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In this work focus on thermal conductivity of conventional fluids 

(particularly on MO) reinforced with 2D-nanostures will be addressed. Diverse 

techniques have been proposed to measure nanofluids thermal conductivity over 

the past years. The most common techniques to measure the effective thermal 

conductivity (keff) of nanofluids are the transient hot-wire method 

[18][49][99][105][112][116][136][175][183][188][292][296-299], steady-state 

method [90][114][122][300][301], cylindrical cell method [302], temperature 

oscillation method [76][303-306], and 3-ω method [36][180][307-309] to name a 

few.  

 

4.1.1. Thermal properties measurements 

In this work, thermal conductivity measurements on h-BN and graphene 

nanofluids at various filler fractions were carried using a transient hot wire (THW) 

technique - KD2 probe (Decagon Device Inc., model KD2 Pro) (See Figure 4-1a). The 

KD2 conforms to ASTM D5334 [310] and IEEE 442 [311] standards for determining 

thermal conductivity. The instrument uses a ~1.3mm diameter by 60mm long 

stainless steel probe (KS-1 probe), that is completely immersed in the nanofluid to 

obtain the effective thermal conductivity (keff) of nanofluids. This probe has been 

calibrated using a standard fluid, glycerol, and the conductivity value is verified up 

to 3 decimal points.   
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This technique is a fast and accurate method for fluids thermal conductivity 

measurements and is based on the measurement of the time-dependent 

temperature rise in a heat source (i.e. a hot wire), which is already immersed in the 

fluid or solution to be tested. A constant current is supplied to the wire to generate 

the necessary temperature rise. The wire (in this case a stainless steel probe) serves 

simultaneously as heat source and a temperature sensor [296-298][312-314]. The 

main advantage of the method lies in its almost complete elimination of the effects 

of natural convection, whose unwanted presence causes problems for measurement 

[112].  

The accuracy in the thermal conductivity (k) measurements is within ± 5%. 

The thermal conductivity of the nanofluid is measured by monitoring of 

temperature gradient of heat source. The KD2 Pro works on the assumption that the 

probe is infinitely long heat source and that the material being measured (in this 

case the fluid) is homogeneous and of a uniform initial temperature. An electric 

resistance heats up the stainless steel probe while immersed in the fluid (see Figure 

4-1b), the temperature rise of the wire is measured as function of time. The thermal 

conductivity can be measured as follows: 
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Figure 4-1 – a) Decagon Devices Inc. KD2 Pro thermal analyzer, b)Stainless 

steel probe immersed in fluid to measure thermal conductivity. 

 

  [(
 

   (
  

      
)
)]  

 

Eq. 4.1 

 

Where: k is the nanofluid thermal conductivity (W/m K), q is the heat 

produced by the wire (W), L is the length of the wire (mm), T is the wire 

temperature (K), and t is the time (s.). The change in resistance (thus its 

temperature) is measured as a function of time using a Wheatstone bridge circuitry. 

The thermal conductivity (k) value is determined from the heating power and the 

slope of the temperature change with logarithmic time scale [315].  
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A single thermal conductivity reading generally takes about 2 minutes, which 

consists of a 30s equilibration time, a 30s heating time, and a 30s cooling time. KD2 

Pro measures the temperature at 1s intervals during heating and cooling process. 

The probe also contains a thermistor, which measures the changing temperature 

while a microprocessor stores the data. At the end of reading, the thermal 

conductivity of the fluid is computed using the temperature difference vs. time data. 

More information on the theory behind the technique is available in the references 

[297][298][314]. After calibration, a validation of procedure was done by 

comparing thermal conductivity (k) results obtained for DiW and EG with available 

data in literature [9-14]. There were a minimum of 6 measurements per specimen at 

diverse filler fraction and temperatures. 

The thermal conductivity of nanofluids based on mineral oil containing 2D-

nanostructures of h-BN or graphene has been measured over the temperature range 

of room temperature (~23°C) to 50°C. Temperature-dependent measurements 

were done using a thermal bath and samples were thermally equilibrated before 

each measurement, thermal conductivity measurements are made 10-15 minutes 

after reaching the desired temperature at which the experiments are set to be 

performed. The sample glass vial is immersed in a water bath flask on a hot-plate at 

a specific temperature measured with a thermometer as seen in Figure 4-2. The 

measured values are compared with the base fluid (MO) thermal conductivity (k0).  
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Figure 4-2 – Equipment and accesories to measure nanofluids thermal 

conductivity at diverse temperatures, using a hot plate / water bath assembly. 

 

The possible errors due to the free and forced convection mechanisms have 

been minimized by aligning the sensor orientation in the vertical direction with the 

fluid sample container and vibration isolation of the measurements using a granite 

countertop. The alignment of the probe is important during thermal conductivity 

measurements to minimize the error due to free convection. Error due to free 

convection, δg is proportional to 1/d, where d is the characteristic dimension of the 

sensor, and hence so we want to maximize d. The characteristic dimension d 

depends on the fluid flow. If the fluid is heated while keeping the sensor horizontally 

(the sensor will heat the surrounding fluid), the density gradient will allow the fluid 

to flow upwards (across the needle). In that case the characteristic dimension for 
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the KS-1 probe is 1.3 mm (diameter of the probe). If the sensor is oriented vertically, 

the density variation will allow the fluid to flow upwards and in this case the 

characteristic dimension, d is 60mm. Hence, vertical sensor orientation will 

maximize the d and will minimize the error due to free convection (see Figure 4-3). 

Moreover, the higher viscosity of MO than water also minimizes the error due to 

free convection.  

 

Figure 4-3 – The two possible orientations of sensor KS-1 probe. Arrows 

indicate the nanofluid flow, whose thermal conductivity is being measured. 

 

Thermal conduction occurs through direct molecular interactions and there 

is no bulk fluid flow. However, convection heat transfer occurs when there is bulk 

fluid flow. Hence, during measurements it is necessary to isolate all kinds of 

convection mechanisms that can contribute error to the thermal conductivity 

measurement. Also, vibrations during measurements were reduced by performing 

experiments under a granite countertop.  
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4.1.1.1 Thermal conductivity – Dielectric oil-based nanofluids 

Figure 4-4 shows the temperature dependence effect on the effective thermal 

conductivity (keff) enhancement with the increase in filler fraction of 2D-nanosheets 

of h-BN or graphene. The thermal conductivity of MO (at room temperature ~300K) 

is ∼ 0.115 W/m K, agreeing well with standard values reported) and shows no 

variation in thermal conductivity with temperature. All nanofluids show an 

enhancement in thermal conductivity with temperature, indicating the contribution 

of Brownian motion in thermal conductivity enhancement.  

The thermal conductivity of h-BN/MO nanofluids is found to be gradually 

increased with h-BN filler concentration, from 0.01 to 0.10wt.% (See Figure 4-4 and 

Figure 4-5). This high thermal conductivity value even at smaller filler fractions is 

due to the high surface area of h-BN or graphene nanosheets. The increase in 

thermal conductivity with filler fractions indicates that at higher concentrations it is 

not following Maxwell's classical theory where it will not vary much with 

concentration, while they follow a network model like graphene fluids. 

Furthermore, this indicates the contribution of percolation mechanism for thermal 

conductivity. Moreover, the thermal conductivity of h-BN/MO nanofluids found to 

increase with temperature (Figure 4-4 and Figure 4-5).  
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Figure 4-4 –Temperature-dependent effect on the effective thermal 

conductivity enhancement of various nanofluids. 

 

The 0.10wt.% h-BN/MO nanofluid shows an enhanced thermal conductivity 

(       ⁄    )% of 76%. The morphology of nanofillers can strongly influence the 

thermal conductivity of the nanofluid. The volume fractions and conductivities of 

two phases will determine the upper (where the nanofillers will form continuous 

phase) and lower (carrier fluid serves as the continuous phase) boundary values of 

the effective thermal conductivity of the nanofluid.  
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However, the temperature-dependent variations in thermal conductivity 

indicate that it is not just the percolation channel formation that increases the 

thermal conductivity, as explained in the network model, but Brownian motion also 

contributes to the thermal conductivity of h-BN and graphene 2D-nanostructure 

based nanofluids. Enhancement in thermal conductivity with increase of h-BN filler 

fraction (in the range from 0.01wt.% to 0.10wt.%.) within MO measured at 323 K 

(50°C) is shown in Figure 4-5. This phenomenon indicates the formation of 

percolation channels for thermal conduction by high surface area h-BN flakes, (inset 

shows the variation in thermal conductivity between 0.01 and 0.05 wt.%). The error 

bars attached to the results incorporate the variation in the different measurements. 

The thermal conductivity measurements for h-BN/MO nanofluid above 50°C 

(323K) are also carried out. The percentage of enhancement in thermal conductivity 

for 0.10wt.%  h-BN/MO nanofluid at ~100°C (373K) ranges from 80 to 100% in 

different measurements. The wide range in thermal conductivity values obtained at 

higher temperatures (>50°C for oil-based nanofluids) is due to the enhanced free 

convection at higher temperatures. Hence, even though it is obvious that the 

thermal conductivity of the h-BN/MO nanofluid is enhanced at high temperatures 

(>50°C), the accurate percentage of enhancement is hard to measure. 
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Figure 4-5 – Enhancement in thermal conductivity with increase in the h-BN 

concentration in MO measured at 323K.  

 

A theoretical model for the effective thermal conductivity (keff) of the              

h-BN/MO nanofluid is performed using a classical effective medium theory known 

as Hashin-Shtrikman (H - S) theory [316]. In both cases, for h-BN/MO or 

graphene/MO, the ratio of kp/kf is > 1, where kp is the thermal conductivity of h-BN 

or graphene and kf is the thermal conductivity of MO. The lower boundary value 

(since the nanofillers fraction,   is very low, 0.01wt.%) for effective thermal 

conductivity of h-BN/MO, keff is calculated using the following equation: 
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Eq. 4.2 

 

The calculated value 0.1184 W/m K matches well with the lowest 

experimental value obtained for 0.01wt.% h-BN/ MO nanofluid (0.119 W/m K). 

Keblinski et al. demonstrated that clustering of the nanofillers can increase the 

thermal conductivity of nanofluids [47]. The clustering effect is relatively higher in 

graphene/MO, and hence, it is relatively less stable than h-BN/MO. This is also 

inferred from DLS studies (size ∼ 1300nm) and HRTEM studies (Chapter 2). This 

can be the reason for slightly higher thermal conductivity values for graphene/MO 

than for h-BN/MO at 0.01wt.% (Figure 4-6) (∼1% enhancement in keff for 

graphene/MO compared to h-BN/MO), although graphite and h-BN have the similar 

bulk thermal conductivity values. Moreover, the percentage of enhancement in 

thermal conductivity obtained for 0.01wt.% graphene/MO nanofluid is in 

agreement with that of recently reported values for graphene-based nanofluids 

[317][318].  

Furthermore, for a particular case, h-BN nanosheets are dispersed within 

MO, and also the use of a surfactant. Common surfactant such as oleic acid (OA) (at 

2.0vol.%) is added to the nanofluid with extensive sonication (~ 4 hrs.). It should be 

mentioned that bare MO with OA addition did not show any significant 

enhancement in keff (< 1.5% increment at 50°C). Thermal conductivity of OA-coated 

h-BN or graphene nanofluids neither show significant change at the filler fraction of 
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0.01wt.% (< 2.0% and < 8% increments at room temperature and 50°C, 

respectively). OA-stabilized MO based fluid is also tested for its tribological 

properties and will be further discussed in Chapter 4. 

 

 

Figure 4-6 – Comparison of thermal conductivity enhancement of 0.01wt.%    

h-BN/MO and graphene/MO. Graphene/MO shows a little enhancement (~1%) 

in thermal conductivity, compared to h-BN/MO. 
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4.1.1.2 Thermal conductivity – Lubricants and metal-cutting nanofluids 

In diverse applications, such as automotive, appliances, and metal-mechanic 

field, the use of lubricants and metal-cutting fluids is highly used. The advent of 

nanomaterials motivated engineers and scientist to search for materials having high 

energy efficient performance, with low coefficient of friction (COF), and that endure 

tools and components wear and lubrication. Furthermore, generated heat during 

the frictional loss needs to be drawn out from the system in an efficient manner; 

hence, a good lubricant must possess adequate thermal conductivity. Various 

nanofluids [89][208][231][319] were tested in the past couple of years for their 

thermal performance as well. 

Similarly to dielectric mineral oil, lubricants and metal-cutting nanofluids 

(See Table 4.1) were prepared and analyzed with the addition of 2D-nanosheets of 

h-BN at diverse filler fraction and compared to its analogous graphene. Further 

details on tribological properties will be discussed in the following Chapter. 

 

Table 4.1 – Lubricants and metal-cutting fluids properties 

Materials Density (15°C) 
Relationship 

Oil : Water 
Purpose /Application 

EcoDraw HVE (1:6) 1.03 g/cm3 1 : 6 Metal stamping lubricant 

Montgomery DB 4265 C-EX 0.994 g/cm3 1 : 4 Metal stamping lubricant 

Metkut H1-EC 0.91 g/cm3 1 : 0 Metal cutting fluid 

Metkool 10131TA-S 1.01 g/cm3  1 : 10 Metal cutting fluid 
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Temperature-dependent thermal conductivity for h-BN and graphene 

reinforced lubricants and metal-cutting fluids at various filler fractions are shown in 

Figure 4-7. The keff of nanofluids increases with temperature (measurements 

performed from room temperature to 50°C (323K)), indicating the role of Brownian 

motion in thermal conductivity enhancement and, at the same time they exhibit an 

enhancement with increase in filler fraction, revealing the role of  percolation 

mechanisms as it is observed for dielectric MO-based nanofluids (Figure 4-4). 

Moreover, for oil based samples, liquid layering at the particle/liquid can also 

contribute to the enhancement in thermal conductivity [46][50]. 

Pure base fluids show no significant variation in thermal conductivity with 

temperature. All nanofluids show an enhancement in thermal conductivity with 

temperature, indicating the contribution of Brownian motion and percolation 

mechanism in thermal conductivity enhancement. 

It is also to be noted that nature of enhancement in thermal conductivity with 

filler fraction and temperature is different from fluid to fluid. Many factors such as 

fluids composition, viscosity, nature of fluids (morphology as well as interaction 

between fluid and nanofillers), among others can be the reasons for this difference. 

In this work, it is found that factors such as temperature and filler fraction are more 

sensitive in determining the keff in low viscosity fluids.  
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Figure 4-7 – (a), (b), (c), and (d) Temperature-dependent effective thermal 

conductivity enhancement of various nanofluids at diverse filler fractions. 

 

The morphology of nanofillers can strongly influence the thermal 

conductivity of the nanofluids. The filler fractions and conductivities of two phases 

will determine the upper (where the nanofillers will form continuous phase) and 

lower (carrier fluid serves as the continuous phase) boundary values of the effective 

thermal conductivity of the nanofluid.  
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Diverse mechanisms act as influence for thermal conductivity enhancement 

as well, such as Brownian motion, percolation channels formation by high surface 

area 2D-nanosheets. The liquid layering at the particle-liquid interface is predicted 

as the most important mechanism for effective thermal conductivity enhancement 

in nanofluids by many researchers [46][50][168-171]. 

 

4.1.1.3 Thermal conductivity – Water-based nanofluids 

Water, a common fluid used for cooling, is also measured for thermal 

conductivity with the incorporation of 2D-nanosheets. Samples were also prepared 

from exfoliated h-BN powder and dispersed in DiW at diverse concentrations, 

without using any surfactant. It was observed that after a few days, nanosheets start 

settling, even though a “whitish” solution is visible for about 3-4 weeks. 

Figure 4-8 shows the temperature dependence effect on the effective thermal 

conductivity (keff) enhancement for diverse h-BN filler fractions. The thermal 

conductivity of DiW (at room temperature ~300K) is ∼ 0.602 W/m K, agreeing well 

with standard values reported) and shows no significant variation in thermal 

conductivity with temperature.  
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Figure 4-8 –Temperature-dependent effective thermal conductivity 

enhancement of water-based nanofluids at diverse filler fractions of h-BN. 

 

4.1.1.4 Thermal conductivity – Ethylene glycol-based nanofluids 

Ethylene glycol (EG) is an organic compound widely used as automotive 

antifreeze and a precursor to polymers; it is also commonly used in chilled water air 

conditioning systems that must cool below the freezing temperature of water. 

Similarly to MO and DiW systems, EG with the incorporation of 2D-nanosheets is 

measured for thermal conductivity. No surfactants were added to the samples 
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prepared from the exfoliated h-BN or graphene powder dispersed at diverse 

concentrations, respectively. 

Figure 4-9 and Figure 4-10 show the temperature dependence effect on the 

effective thermal conductivity (keff) enhancement for diverse h-BN and graphene 

filler fractions, respectively. The thermal conductivity of EG (at room temperature 

~300K) is ∼ 0.251 W/m K, also agreeing well with standard values reported) and 

shows no significant variation in thermal conductivity with temperature. 

 

 

Figure 4-9 –Temperature-dependent effective thermal conductivity 

enhancement of EG-based nanofluids at diverse filler fractions of h-BN. 
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In EG nanofluids, the sheet-like morphology of the 2D-nanostructures can 

strongly influence their thermal conductivity. Also, as previously mentioned diverse 

mechanisms act as influence in the thermal conductivity enhancement as well.  

 

Figure 4-10 –Temperature-dependent effective thermal conductivity 

enhancement of EG-based nanofluids at diverse filler fractions of graphene. 

 

Stability of the nanofluids is found to vary among the nanostructures 

dispersed in EG, as well as with the increasing concentrations. Particularly it has 

been observed that for graphene/EG nanofluids faster settling occur, most probably 

because of the weak molecular interactions between the liquid phase and the 

graphene. It is also observed that the h-BN dispersed in the carrier fluids had a 
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greater effect on the thermal conductivity of the nanofluids, compared to graphene; 

this could be due to the percolation channels formation, Brownian motion and 

molecular interaction of the h-BN dispersed into the carrier liquid.  

 

4.2 Physical properties  

4.2.1 Viscosity 

Other factors influencing the keff of nanofluids are the liquid layering and 

viscosity. The viscosity of nanofluids is another important transport property for 

applications of nanofluids as a new class of heat transfer fluids in thermal devices or 

systems such as heat exchangers or cooling systems. The improvement in thermal 

conductivity cannot be achieved by increasing the solid filler amount beyond a limit, 

since increase in filler concentration will increase the viscosity which will adversely 

affect the fluid properties. Hence, to further understand the stability of the 

nanofluids, shear viscosity studies were conducted with a TA Instruments ARES 

rheometer (Couette holder). Temperature-dependent shear viscosity measurements 

were performed, using room temperature (~300K), 40°C (313K) and 100°C (373K), 

for diverse filler fraction of nanofluids.  
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4.2.1.1 Viscosity – Dielectric oil-based nanofluids 

Temperature dependent shear viscosity measurements for different 

concentrations of h-BN/MO are shown in Figure 4-11 (viscosity measurements of 

0.01wt.% graphene/MO are also shown for comparison).  

 

Figure 4-11 – Temperature-dependent viscosity variation of nanofluids (black 

crosses (X) indicate theoretical values calculated using the theory of Hinch 

and Leal, and colored points indicate the experimental values). 
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MO behaves like a Newtonian fluid since its viscosity is independent of shear 

rate, and the viscosity of MO decreases with increasing temperature. Addition of     

h-BN up to 0.10wt.% to MO does not measurably alter its viscosity for the entire 

range of temperatures tested (< 1.3%). At room temperature (~300K) and 0.35wt.% 

of h-BN, the viscosity increases, but the behavior of the fluid is still Newtonian. 

Newtonian behavior in solutions of nanoparticles indicates that the interactions 

between the particles are very weak [145]. This suggests that the h-BN/MO 

nanofluids are relatively stable colloidal systems. Moreover, the relatively small 

increase in viscosity (< 30% at room temperature, < 5% at higher temperatures: 

313K or 373K) at 0.35wt.% is evidence that the solution is not flocculating [320]. 

This enhancement in viscosity is consistent with the theoretical predictions of Hinch 

and Leal (See Figure 4-11) for dilute solutions of non-interacting oblate spheroids 

(considering the layered morphology of h-BN and graphene), for which the viscosity 

is described by the following equation [321]. 

  (
  

   
) (

   

 
)     Eq. 4.3 

 

Where φ is the filler fraction of nanoparticles in solution, ηs is the solvent 

viscosity and p is the dimensional ratio (the shortest nanoparticle dimension to the 

largest one). In order to calculate p, the largest dimension of the nanoparticles was 

measured with dynamic light scattering (DLS). Assuming the h-BN and graphene 
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have a thickness of 4 nm (few-layered graphene and h-BN, inferred from the HRTEM 

images – Figure 3-8 and Figure 3-9), the corresponding p values are 0.008 for h-BN 

and 0.006 for graphene. The theory agrees well with the experimental rheological 

data, suggesting that the average number of layers of h-BN and graphene in MO is 

around 10. Small deviations from the theoretical values of viscosity at higher 

concentrations of h-BN/MO may be a result of a transition from a dilute to a semi-

dilute phase or due to the onset of some small aggregation between the h-BN 

nanosheets. 

The oleophilic nature h-BN allows for good interfacial interaction with MO as 

is inferred from the enhanced hydrodynamic radius from DLS studies.  The liquid 

layering at the particle-liquid interface is predicted as the most important 

mechanism for effective thermal conductivity enhancement in nanofluids by many 

researchers [46][50][81][148][169-173]. The viscosity of the nanofluids decreases 

significantly with temperature (from ~16 mm2/s at room temperature to ~2.2 

mm2/s at 100°C) (Figure 4-11), while the enhancement in viscosity with the 

addition of nanofillers is very small. This is an added advantage of the low filler 

fractions, since the increase in viscosity will decrease the effective thermal 

conductivity (keff) values as well as flow characteristics of the fluid.  
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4.2.1.2 Viscosity – Lubricants and metal-cutting nanofluids 

Of all the properties of fluid lubricants, viscosity is one of the most important, 

since it determines the amount of friction that will be encountered between sliding 

surfaces and whether a thick enough film can be built up to avoid wear from solid-

to-solid contact. Hence, similarly to MO-based nanofluids, viscosity of lubricants and 

metal-cutting nanofluids were measured at diverse temperatures and filler 

fractions.  

In general, the viscosity plays an important role in these fluids. Viscosity of 

nanofluids decreases significantly with temperature (as expected), as it is shown in 

Figure 4-12, while the enhancement in viscosity with the addition of the nanofillers 

is very small, which is an advantage of using low filler fractions since the increase in 

viscosity will decrease the effective thermal conductivity of nanofluids, as well as 

flow characteristics of the fluids. It is also observed that fluids composition, 

viscosity, morphology as well as interactions between conventional fluids and 

nanofillers, among others can be the reasons for nanofluids performance.  

An important fact is that these nanofluids are stable solutions without any 

surfactant. Surfactants can alter viscosity and also decrease the thermal 

conductivity of the nanofluids, which is the main goal for these suspensions. 

Moreover, the relatively small increase in viscosity is evidence that the solutions are 

not flocculating. 
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Figure 4-12 – (a), (b), (c), and (d) Temperature-dependent viscosity variation 

of lubricants and metal-cutting nanofluids.  Small increments as adding filler 

fraction to nanofluids. 
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4.2.2 Pour point 

In diverse fields where cold environmental temperatures predominate 

through part or most of the year, pour point of materials is critical for devices and 

components performance. The pour point, which is the lowest temperature at which 

a fluid can flow (“pumpable temperature”), seems to be affected by the nanofillers of 

h-BN and graphene (Figure 4-13), showing that it is not just a colligative property 

but also depends on the nature of nanofillers and intermolecular interactions.  

Pour points of coolants or lubricants are important mainly for devices or 

equipment operations where these must be started after sitting outside in cold 

weather [322]. Pour point was measured following ASTM D97 standard [323]. 

As shown by Hong et al., studies on fluid solutions and CNTs up to 0.2wt.% 

were performed [324]. In their study it was observed that the critical freeze point 

decreases as the nanoparticle loading increases. Hong et al. conclude that this effect 

was independent of the type of nanotube and solution. Additionally, it was found 

that the decrease in freezing point was not linearly related to the increase of 

concentration of CNTs particles. 
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Figure 4-13 – Pour point variation of various fluids. 

 

For h-BN/MO, pour point is lowered, however for graphene/MO, pour point 

is higher. The effect of stable and chemically inert h-BN 2D-nanostructures has good 

effect in the pour point. With addition of 0.01wt.% of h-BN nanosheets to MO, it is 

observed a 3K lower value than pure MO (~226K), which is good for applications on 

cold environments, meaning that h-BN does not provide a negative effect.  

High molecular interactions and the oleophilic behavior of h-BN could be the 

reason of this slightly improvement. Moreover, this behavior can also be attributed 

to the filler nanoscale dimensions, liquid (mineral oil) interactions with h-BN 

nanosheets, as well as the colligative property of the nanofluids [324]. 
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4.3 Electrical properties  

The use of nanofluids for thermal management in electrical devices also 

necessitates the study of their electrical properties. As previously mentioned, 

diverse applications, mainly in the electrical/electronic, high voltage power 

transmission systems and metal-mechanic fields have as main goal miniaturization 

and high efficiency systems. These fields demand successful heat management and 

energy-efficient components, such as heat transfer fluids. Due to the nature of 

diverse applications, it is also required that heat transfer fluids perform as electrical 

insulators, as is the case of h-BN nanofluids, which represent thermally conducting 

and electrically insulating fluids, meantime graphene fluids represent both 

thermally and electrically conducting fluids, finding applications like thermal 

management coupled with static charge dissipation in oil tanks, solar panels, etc. 

In electrical motors or high voltage transmission systems, for instance, 

dissipation factor and electrical resistivity of insulating fluids are very important 

parameters for their efficiency and performance. The dissipation factor (DF) or 

liquid power factor, which is a measure of the dielectric loss in the system under the 

presence of an alternating electric field, is measured for various nanofluids and is 

plotted in Figure 4-14. Liquid power factor using ASTM D924 [325] and % DF using 

ASTMD-1169 [326] have been done at 2000V and 60 Hz. 
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Figure 4-14 – Temperature-dependent DF variation of various nanofluids. 

 

The electrical resistivity (ASTM D1169 [326]) of the nanofluids is also found 

to be affected by various nanofillers (Figure 4-15). The h-BN/MO exhibited higher 

resistivity (9.35E10 Ωm), while graphene/MO showed lower resistivity (1.41E10 

Ωm) compared to MO (7.82E10 Ωm). This is understandable as h-BN is electrically 

insulating while graphene is electrically conducting. These studies are important for 

the development of nanofluids for thermal and electrical management. The 

comparison of the obtained results for h-BN/MO with the existing literature 

[197][198][327][328] (various nanofillers with different morphology) indicates that 

this is a leap in the development of highly thermally conducting nanofluids with 
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lower filler fractions but without losing the electrically insulating properties of the 

base fluid.  

 

Figure 4-15 – Electrical resistivity variation of nanofluids. h-BN/MO shows the 

highest electrical resistivity, while graphene/MO shows the lowest electrical 

resistance in comparison to pure MO. 

 

 h-BN/MO exhibits the lowest DF, while graphene/MO exhibits an enhanced 

value compared to MO at all measured temperatures. Since DF represents the ratio 

of equivalent series resistance (ESR) to capacitive reactance, the decrease in DF 

indicates the decrease in dielectric losses in the insulating material. 
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Obtained results for h-BN/MO indicate good opportunity for development of 

highly thermally conducting nanofluids with lower filler fractions without loosing 

the electrically insulating properties of the base fluid. 

The effect of h-BN due to molecular interactions and its electrical insulating 

nature within MO makes the 2D-nanostructures suitable for electrical management 

applications with also enhancement in thermal transport. This is understandable as 

h-BN is electrically insulating while graphene is electrically conducting. 

 

4.4 Chapter Summary 

In summary, the temperature-dependence of thermal conductivity in diverse 

stable nanofluids containing 2D-nanosheets of h-BN at diverse filler fractions has 

been investigated (also compared to its electrically conductive analogous, 

graphene). The analysis of the experimental data suggests that the dominant 

mechanism in thermal conductivity enhancement in nanofluids strongly depends on 

the particle aspect ratio. The oleophilic behavior of h-BN is other aspect that also is 

visible from thermal conductivity data, as can also be seen from lubricants and 

metal-cutting nanofluids performance with the addition of 2D-nanostructures of h-

BN at diverse filler fractions. This high thermal conductivity value even at smaller 

filler concentrations is due to the high surface area of h-BN sheets, also Brownian 

motion, percolation channel formation, van der Waals and molecular interactions 
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could be responsible for these thermal transport effects. Viscosity is not significantly 

increased which make the nanofluids suitable for lubrication and microchannels 

cooling without any clogging or fast sedimentation.  

Particularly for dielectric mineral oil, h-BN could substantially increase the 

thermal conductivity, maintaining its electrical insulating property, while lowering 

its pour point, which are desirable properties of heat transfer fluids for electrical 

and electronic devices and components in cold temperature environments. 

Tribological studies and characterization of lubricants and metal-cutting 

nanofluids will be presented in the following chapter. 
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Chapter 5 

Experimental Methods:             

Tribology 

Tribology  encompass a group of techniques required to understand the 

complex mechanical, metallurgical, chemical, physical and other phenomena that 

occur when two bodies are in sliding contact. Irrespective of the finishing of a 

material surface, it contains ridges, valleys, asperities and depressions 

[217][329][330]. Hence, in order to protect and improve the effective functioning of 

these mechanical components from friction and wear in aerospace, automotive, 

military, and various industrial applications such as heat exchangers, turbines, tools, 

extruders, rolls for rolling mills, agriculture machinery, etc., an  efficient lubricant is 

demanded [224].  

It is also known that metal-cutting fluids that are oil-based are more efficient 

as lubricants than aqueous-based, while metal-cutting coolants are mainly water-
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based [331].  Metal working fluids and lubricants are being utilized in diverse 

industrial sectors essentially for lubricating machines, reducing friction, processes 

cooling, prolonging tool life by wear reduction, preventing galling, and improving 

the quality (both geometry and surface finish) of fabricated components, among 

others [137-139][204][217][223] [329].  

Recently, diverse nanoparticles were tested as reinforcements in common 

lubricants and metal-cutting fluids for their enhanced tribological properties 

[64][85-89][206][207][216][217][225][226][228][253][332][333]. Some of these 

studies have shown that addition of nanoparticles to conventional lubricants can 

enhance the supporting force during loading and sliding movement, improving the 

tribological properties of conventional lubricants and metal-cutting fluids, showing 

the contribution of friction and wear reduction by dispersed nanoparticles, and 

enhance the load carrying capacity. 

Layered materials possess higher surface area, increasing the interaction 

between fillers and active fluid. When components are subjected to sliding contact 

for instance, nanosheets form a protective layer on the components surface, which 

enhances the anti-wear performance, as well as reducing the frictional heating 

[51][206][216][224][228][229]. One of causes for 2D-based materials lubrication 

performance is due to the weak forces holding the adjacent basal planes in their 

structures, with external shear resulting in the sliding of the layers. Some of these 

2D-nanostructures that have been used are graphene, h-BN and MoS2, among 

others. 
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5.1 Tribology experimentation 

The tribological properties of nanofluids are tested using an ASTM D5183 

standard [334], using a four-ball tribotester for testing lubricants. A tribotester     

with a four-ball fixture was used to determine the anti-wear properties of lubricants 

under pressure and controlled temperature. Machine operation involves four steel 

balls; one of them (top one) rotates applying a pressure with a load P, while rotating 

with a speed n, and under this ball, three stationary balls are secured by a holder as 

shown in Figure 5-1. The ball test material was an AISI 52100 steel with a 12.7mm 

diameter, and a hardness of 60 HRC (see Table 5.1). 

 

 

Figure 5-1 – a) and b) Operation system of tribotester T-02: 1) Ball chuck, 2) 

Rotating ball, 3) Stationary balls, 4) Ball pot (Adapted from [335]). 
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Table 5.1 - Tribotester steel balls properties. 

Test balls Chemical Composition 

AISI 52100 
0.98–1.1% C, 0.15–0.30% Si, 0.25–0.45% Mn, 1.30–1.60% 
Cr, < 0.025% P, < 0.025% S 
Diameter: 12.7 mm, 60 HRC 

 

 

Coefficient of friction (COF) from the tribotester and wear scar diameter 

(WSD) of diverse lubricants under constant load conditions are obtained. WSD of 

the 3 stationary balls is measured by an optical microscope. The parameters for the 

test are showed in Table 5.2 

 

Table 5.2  – Parameters of tests done using the T-02 tribotester. 

Parameters ASTM D5183 

Time 
Velocity 
Temperature 
Applied Force 

60 min. 
600 RPM 
75° C 
392 N 

 

This chapter is divided into 2 sections; first, the tribological properties of 

mineral oil (MO)-based nanofluids are shown. Then, tribological experiments for 

lubricants and metal-cutting nanofluids are discussed. 
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5.1.1 Tribology properties of dielectric oil-based nanofluids 

Since dielectric oil is mainly used as insulating fluid in diverse electrical / 

electronic devices, its tribological properties are not as efficient as lubricants or 

other fluids for this specific purpose; hence it is studied briefly and as complement 

of the present work.  

As previously mentioned in Chapter 4, MO/h-BN nanofluid with the addition 

of oleic acid (OA) has no significant improvement in thermal conductivity. However, 

COF and WSD show an improvement compared to the surfactant-less material        

(~8% and 3%, respectively), indicating that OA may help to separate the 

nanostructures, thereby decreasing the agglomeration and/or additional layering 

due to OA can increase the lubrication properties (See Figure 5-2). The addition of 

0.01wt.% of exfoliated h-BN and graphene is observed to decrease the COF by 

~10% (µ=0.1681) and ~20% (µ=0.1494), respectively. WSD also improves ~7% 

(WSD=0.8499mm) and ~11% (WSD=0.8141mm), respectively compared to bare 

MO (µ=0.1850 and WSD=0.9125 mm). It is also found that, agglomeration of 

nanofillers can adversely affect the lubrication properties of nanofillers.  
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Figure 5-2 – COF and WSD improvement of MO reinforced at 0.01wt.% of h-BN 

and graphene (ASTM D5183), measured values above the symbols. 

 

Wear scars of steel balls for h-BN and graphene within MO are shown in 

Figure 5-3. Common steel ball before the testing is shown in Figure 5-3a as a 

reference, Figure 5-3b shows the nanolubricated with MO/h-BN upper tested steel 

ball wear scar (and the actual steel ball on the inset). An h-BN nanosheet is shown 

on the surface of tested steel ball (Figure 5-3c), as also shown in Figure 5-4 for EDS 

analysis where it is shown the boron and the nitride. Figure 5-3d shows the MO/G 

wear scar as well.  
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Figure 5-3 – SEM images of steel balls, (a) before tribo testing; (b) tested using 

MO/h-BN, showing the wear scar, (c) h-BN flakes on wear scar and (d) 

MO/graphene. 
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Figure 5-4 – EDS of test steel balls (Top) for bare oil and (Bottom) MO / h-BN. 

 

5.1.2 Tribology properties of lubricants and metal-cutting  nanofluids 

Similarly, tribological properties are measured for lubricants and metal-

cutting nanofluids. As previously discussed in Chapter 4, these nanofluids are 

mainly used in metal-mechanic processes.  
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Table 5.3 shows the COF for diverse 2D-nanofluids and Table 5.4 shows the 

WSD of steel balls during tribo-testings according to ASTM D5183, compared to 

bare fluids. The WSD is calculated from the average diameter of the three lower-

balls of the tribotester (See Figure 5-1 –); at least 3 tests for each fluid were run. As 

lower the COF and WSD value, a better fluid for tribological applications 

performance.  

Table 5.3 – COF of h-BN and G reinforced nanofluids. 

Tribology tests (ASTM D5183) -  COF (μ ) 
  

     

  

 Pure @0.01 h-BN @0.05 h-BN @0.10 h-BN @0.01 G @0.10 G 

EcoDraw 0.1337 0.1275 0.1247 0.1399 0.1327 0.1276 

Montgomery 0.1314 0.1197 0.1180 0.1188 0.1287 0.1201 

Metkut 0.1207 0.1352 0.1105 0.1046 0.1197 0.1049 

Metkool 0.1472 0.1434 0.1422 0.1396 0.1451 0.1422 

              

 

Table 5.4   – WSD of h-BN and G reinforced nanofluids. 

Tribology tests (ASTM D5183)  – WSD (ϕ) 
  

     

  

Units: mm  
             (%) 

Pure @0.01 h-BN @0.05 h-BN @0.10 h-BN @0.01 G @0.10 G 

EcoDraw 
1.0692 
(0%) 

1.0499 
(-1.81%) 

1.0430 
(-2.45%) 

0.9826 
(-8.10%) 

1.0665 
(-0.26%) 

1.0044 
(-6.06%) 

Montgomery 
1.0606 
(0%) 

1.0481 
(-1.17%) 

0.9930 
(-6.37%) 

0.9732 
(-8.24%) 

1.0500 
(-1.00%) 

0.9769 
(-7.89%) 

Metkut 
0.7520 
(0%) 

0.6207 
(-17.45%) 

0.5539 
(-26.34%) 

0.6352 
(-15.53%) 

0.6267 
(-16.67%) 

0.6178 
(-17.84%) 

Metkool 
1.2018 
(0%) 

1.1019 
(-8.32%) 

1.0933 
(-9.03%) 

1.0527 
(-12.40%) 

1.0946 
(-8.92%) 

1.0658 
(-11.31%) 
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5.2 Chapter Summary and Discussion 

In general, the addition of nanoparticles resulted in to a significant 

improvement on COF and WSD. For metal-cutting nanofluids the addition of h-BN 

and graphene nanosheets showed improvement values on both COF and WSD. 

Particularly, Metkut-based nanofluid showed the major improvement of COF and 

WSD, possibly due to the oleophilic behavior of 2D nanosheets. The tribological 

mechanism for this test, as explained by Mosleh et al. [217], may consist on 

nanoparticles filling valleys, and the shearing of trapped nanoparticles at the 

interface of contacting surfaces, thus making them smooth and lowering the 

frictional forces, depicted in Figure 5-5a. In order to filling these valleys of the 

contacting asperities the length of the 2D-nanosheets should be smaller than the 

peak-to-valley roughness of the harder surface. 

 

Figure 5-5 – a) Schematic of two mechanisms by which nanoparticles affect 

friction and wear, and b) Role of nanoparticles in breakage of trapped wear 

particle (Adapted from [217]). 
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It has also been observed that in certain cases the COF is not changed 

significantly, but wear rate is. Hence as depicted in Figure 5-5b, it is possible that 

nanoparticles reduce the size of transferred films on the counter-face which in turn 

reduce the plowing wear but still exhibits similar frictional properties. This is 

because the solid lubricant nanostructures can create weak shear lines within the 

entrapped wear particle agglomerate at the interface. Therefore the collapse of the 

wear agglomerate occurs faster along the nanoparticles lines and reduces plowing 

of the softer surface and wear [217].  

Mechanisms for friction and wear reduction have also been reported as 

tribo-film formation, rolling, sliding, among others [216][336-339].  As reported by 

Berman et al. [339], the reductions in friction and wear are attributed to the low 

shear and highly protective nature of sheet-like particles (graphene, for instance). 

The shear / sliding mechanism plays an important role in the improvement of 

tribological properties,  

Hence, it has been concluded from these studies that proper use of h-BN for 

tribological applications at very small amount of 2D-nanosheets (< 0.10wt.%) as 

reinforcement could modify the tribological properties to a great extent of 

commonly used lubricants and metal-cutting fluids for industrial applications and 

diverse fields, such as automotive, electrical appliances, oil and gas, among others. 

Additionally, positive characteristics and effects of using this material are present, 

since h-BN is chemically inert, environmentally friendly and, as previously 
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discussed, it is widely used for many cosmetic products without any negative effects 

on skin, eyes, etc., which is suitable for workers operation conditions. 

Final conclusions, summary of industrial benefits and future work will be 

addressed in the following chapter. 
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Chapter 6 

Conclusions and Future work 

The objective of this thesis was to provide fundamental understandings of 

the basic features and variables of heat transfer nanofluids. This was achieved by 

synthesis, characterization and performance of 2D-nanosheets and 2D-based 

nanofluids as well. This chapter presents the key findings, industrial benefits, and 

conclusions. Future research perspectives are proposed at the end. 

A novel thermal management fluid based on 2D-nanosheets has been 

proposed and its properties have been investigated and demonstrated.                      

2D-nanosheets with one atom to a few atom thicknesses were synthesized through a 

wet chemical exfoliation technique, followed by the formation of its homogeneous 

dispersions within various conventional heat transfer fluids by extensive sonication. 

Out of various 2D-nanosheets, h-BN is identified as a unique material for thermal 

management, particularly in heavy load devices, such as high voltage power 
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transmission systems and heavy machinery, among others. Thermal, electrical, 

physical and tribological properties of h-BN reinforced nanofluids were performed 

to unravel the effects of h-BN 2D-nanofillers for their further engineering 

applications. It has been concluded that h-BN based nanofluids exhibit a high degree 

of thermal conductivity and anti-wear behavior, along with its high dielectric 

performance and chemical inertness; which make them suitable for specific 

electrical/electronic components and devices. 

In case for h-BN/MO nanofluids, the thermal conductivity is found to be 

gradually increased with h-BN filler concentration, from 0.01wt.% to 0.10wt.%. An 

enhancement in the effective thermal conductivity from ~9% to ~80% was 

observed; as well as for its analogous graphene/MO that is used as comparison, 

where h-BN and graphene have the same order of bulk thermal conductivity. These 

high thermal conductivity values, even with smaller filler fractions, are due to 

diverse factors, such as high thermal conductivity of the fillers, high surface area of 

these ultra-thin sheets, easy percolation channel formation due to their large lateral 

size and Brownian motion of h-BN nanosheets. Also, the addition of h-BN lowers the 

pour point of MO, which is a desirable property of fluids working in cold 

temperatures. 

It is also to be noted that nature of enhancement in thermal conductivity with 

filler fraction and temperature increment differs from fluid to fluid. Many factors 

such as fluids composition, viscosity, nature of fluids (morphology as well as 

interaction between fluid and nanofillers), etc. can be reasons for these variations. 
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In this work, it is found that factors such as temperature and filler amount are more 

sensitive in determining the effective thermal conductivity in low viscosity fluids.  

Nanofluids stability is a key factor to evaluate the quality of the nanofluids, 

and is considerably valued in the industrial application. Nanofluids dispersion and 

stability were observed at naked eye at diverse concentrations in transparent vials.  

For h-BN nanofluids, even though there was a slight precipitation at the edge and/or 

bottom of the glass vial, whitish solutions were observed after 2 – 3 months. Not in 

the case for G-based nanofluids, where settling of nanoparticles was observed after 

a few days.  

Additives or surfactants could be used to promote nanoparticles 

stabilization, but with some main drawbacks such as decrease of thermal 

conductivity, since surfactants could introduce defects at the solution/particle 

interfaces. Nevertheless, for this work, surfactant-free solutions were investigated. 

Stability of the nanofluids was found to vary between the different carrier liquids as 

well as with varying filler fraction; particularly, it has been observed that for 

graphene-based nanofluids faster settling occur, compared to the 2D h-BN 

nanostructures. The lower the filler concentration, the higher the stability (but 

lower thermal conductivity improvement), which means that a medium must be 

found between the two to prevent nanoparticles sedimentation/agglomeration, the 

free phonon/electron movement is affected by these defects, and hence a surfactant-

free stable suspension can provide much better thermal conductivity. 
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Another key observation of the present study is that physical properties, 

such as viscosity, were not significantly affected. Small deviations from the 

theoretical values of viscosity at higher concentrations of h-BN may be a result of a 

transition from a dilute to a semi-dilute phase or due to the onset of some small 

aggregation between the h-BN nanosheets. It has been also observed that lubricants 

and metal-cutting fluids enhancement in viscosity with the addition of the 

nanofillers at diverse temperatures is very small (in low filler fractions), which is an 

advantage of using low filler fractions since the increase in viscosity can decrease 

the effective thermal conductivity of nanofluids, as well as flow characteristics of the 

fluids.  

Previous experiments on thermal, electrical, physical and tribological 

properties of these unique 2D-nanostructure based h-BN fluids have shown 

promising results; which may possibly be the next generation of thermal nanofluids 

for cooling, lubrication, and capable of efficient thermal management in diverse 

fields and applications. 

Countless investigations have focused on improving the thermal dissipation 

of conventional fluids. Nevertheless, there are certain applications where other 

important properties and characteristics, besides thermal conductivity, must be 

taken in a count, such as electrical insulation, toxic-less materials (at low filler 

concentrations) and environmentally friendly, to mention a few.  
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6.1. Summary of Industrial Benefits  

This project shows that, at low cost and with simple technology, the addition 

of very low filler fraction of  h-BN 2D-nanosheets to a wide variety of aqueous- or 

oil-based conventional heat transfer fluids currently used in industry could greatly 

improve fluids thermal and tribological performance without changing much 

infrastructure. An advantage of the 2D-nanosheets synthesis is that organic 

solvents, as well as raw materials could be recyclable.   

Particularly, this investigation impacts both current and future power 

transmission systems, engines and electrical devices. Components and products 

designs could be optimized and miniaturized, maintaining or increasing power 

output, obtaining profitable benefits of raw materials consumption such as copper, 

aluminum, insulating materials (paper, cardboard, etc.), and steel among others. 

In metal-mechanic industry for instance, diverse fluids are used to lubricate 

stamping, drilling or metal-cutting processes. With aid of h-BN 2D-based nanofluids, 

heat dissipation and anti-wear performance of these fluids could be improved. 

Hence, for metal-mechanic and oil/petroleum industry which deal with drilling, 

cutting, or other friction characteristics with working tools, this research will be 

suitable 
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A list of possible applications for 2-D h-BN Nanofluids are: 

 Distillation enhancements 

 Furnace Kettle (heat exchangers) 

 Drilling Fluids 

 Engine coolants 

 Engine lubricants (solubility and stability studies) 

 Transmission fluids 

 Greases 

 Friction / Wear lubricants 

 Closed-loop Heat Transfer Fluids (HTF) 

 Electrical Transformers cooling & insulating media 

 Concentrated Solar Power (CSP) Plant HTF (molten salt additive) 

 Tire Industry process coolant (water solubility) 

 Bio-Pharmaceutical Applications 

 Nuclear Power Plant HTF 

 

6.2. Future Research Perspectives 

Currently, the available 2D-nanosheets are produced in a limited quantity, 

due to the lab-scale production system. Hence, for mass development of these 2D-

nanostructres a larger production technique will be very helpful for the nanofluid 

research.  

Further study of these materials should include the dry tribological behavior 

of h-BN 2D-nanosheets. As it would be important to determine the response of these 

structures under shear/sliding mechanism. Moreover, 2D-nanosheets based fluids 
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studies to observe and understand their behavior could include thermal coefficient 

measurements, heat capacity, and also practical applications. Additionally, 

experiments involving flow through pipes (as well as varying these pipes materials, 

size and configurations), with natural or forced flow, would provide additional 

insight into the specific mechanisms that contribute to these unique responses.  

The observed experimental properties need to be verified with a detailed 

theoretical investigations. Previously, a classical Molecular Dynamics (MD) platform 

has been chosen for this study to investigate the influence of the h-BN nanosheets 

filler fraction and temperature on the thermal conductivity of the nanofluid. Details 

of the theoretical calculations are described and explained in appendix A-5. Initial 

studies confirm the experimental observations, but a detail study is needed to 

completely understand different mechanisms such as interaction of nanoparticles 

and carrier fluid, Brownian motion, etc. This will be carried out in the near future. 
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