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Abstract

Nanotechnology is expected to have a significant impact on the long-term de-
velopment within and across many disciplines. While offering potential improvements
in energy efficiency and reduced energy and materials consumption, nanomaterials are
at the centre of the cutting-edge technologies and sustainable manufacturing pro-
cesses era with near half of the products in the next period of 10 years expected to
embed nanoscale solutions. The condensed substance of nanosized dimension has
shown excellent properties that offer new possibilities due to their surface area to vol-
ume ratio. The non-negligible surface energy was proven to induce melting tempera-
ture depression, low sintering activation energy and high electronic density that con-
tributes to thermal transport. In this work, we investigate the possibility to take ad-
vantage of the advanced nanoscale properties as a sintering aid for low-temperature
manufacturing and as thermal dissipation materials for electronics cooling. By combin-
ing the high surface energy of the nanomaterial with the tailoring of the local chemical
composition, an extra degree of freedom is expected to enable further tuning of their
physical and chemical properties. Furthermore, due to the chemical stability of the car-
bon-based materials and their outstanding physical properties, graphene is explored as
a nanoscale coating for nanoparticles and applied herein as a potential nanofiller for
nanofluids cooling approach. An additional effort is made to use the graphene/metal
composite at a microscale level as high porosity material for heat dissipation.

In this thesis, a novel approach for nanoscale materials production was exploited to
manufacture multi-elements alloyed iron nanoparticle. Using spark erosion, low carbon
steel nanopowder was produced in order to tune the chemical composition of the na-
noparticles in order to combine size effect with composition effect and tailor their per-
formances. A melting depression recorder, while the sintering behaviour of the powder
indicated an early activation of the diffusion at temperatures higher than 150°C. The
results allow such materials to be used as a sintering aid and lower the sintering tem-
perature of iron powders.

Secondly, graphene coated copper nanoparticles were developed as additives for
nanofluids. The nanocomposite fillers of the copper core with multilayers graphene
shell were added to water as the base-fluid. The presence of the graphene coating
acted as oxidation protection for the metallic particles. Besides, it was found that the
presence of the graphene as a local coating on the spherical metallic nanoparticles re-
sulted in a proportional increase in the thermal conductivity of the fluid as the temper-
ature and the concentration of the nanoparticles increased. Such an approach was
found promising in the use of graphene-coated nanoparticles as fillers for nanofluids
with good heat dissipation.

Finally, graphene has been used as a three-dimensional (3D) foam structure with sin-
tered silver nanoparticles. The sintering of the metallic particles allowed a pressure-free
attachment of the high porosity and lightweight material on the back of a chip as a heat
sink. The thermal properties of the graphene foam were investigated and found to



reach a thermal conductivity of 319 W/mK. The addition of a layer of coating of silver on
the 3D graphene foam material improved further its thermal properties with a 54% en-
hancement in its effective thermal conductivity. The high porosity fraction was later
gradually filled with paraffin as a phase change material. As a result, the maximum tem-
perature of the chip was proportionally lowered and delayed. Most importantly, a CFD
model was developed to study the contribution of the secondary microchannels in the
heat dissipation process and revealed a positive and non-negligible effect of the addi-
tional microporosity present in the case of the graphene foam structure.

Keywords: multi-elements alloyed nanoparticles, sintering aid, graphene coating, gra-
phene foam, heat spreader, nanofluids, phase change materials (PCM).
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Chapter 1: Introduction

1.1 Background

Nanotechnology is expected to have a significant development impact within and
across disciplines in research and techno-economic sectors. Due to their tuneable phys-
ico-chemical properties, nanomaterials are at the centre of the cutting-edge technolo-
gies and manufacturing processes era. The condensed matter of size lower than 100nm
has shown intriguing properties compared to their counterparts bulk material with [1]:
a lower melting point, higher wettability, enhanced chemical reaction, faster sintering
kinetics, higher electrical resistivity, superparamagnetic properties, microwave absorp-
tion and localised surface plasmon resonances. They are ideal candidates as catalysts
[2], sintering aids [3], microwave absorption magnetic for recording media [4], mag-
netic fluids [5], conducting ink/paste[6], and additives for heat transfer in fluids [7].

Energy efficiency and environmental issues are becoming of high priorities for
future techno- socio and economic developments. Figure 1.a shows the European Com-
mission strategy to reduce the greenhouse gas emission in the next decades where the
direct impact of the industrial contribution is estimated to be as high as 22%. Powder
metallurgy can already be distinguished as a cost-efficient and environmentally friendly
approach for manufacturing due to low material waste and efficient energy use (see
Figure 1.b).
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technologies

In order to support the effort to reduce further the impact of the industrial pro-
duction and technologies, a focus is put into integrating the nanometre materials into
the time- and energy-consuming conventional and new manufacturing technologies of
powder metallurgy. The high surface area to volume ratio of the nanocrystalline ac-
counts for their high reactivity and driving force for sintering and make them promising
candidates. Experimental work on metal and metal oxides nanoparticles validated



earlier theories on the non-negligible effect of their high surface energy that results in
phase changes and consolidations at lower temperatures. Melting point depression of
metallic nanoparticles were found to be highly sensitive to the size and morphology of
the particles, especially at values below 20nm [8]. Moreover, work on a broader range
of nanoparticles including gold [9], silver [10], copper [11], nickel [10] revealed a higher
densification activity at the nanoscale level with an inverse proportional trend with the
size of the particle.

In addition to property dependence on size and morphology of the nanoparticles,
work has been ongoing to develop novel production and characterisation methods that
could allow the development of non-pure nanoparticles. Theoretical approaches have
predicted an additional degree of freedom in tuning the physicochemical properties of
the nanoparticles through chemical composition tailoring [12], [13]. However, while
many reports have emerged recently on production and characterisation of binary
nanoalloys [14]-[21], very little progress has been achieved in the area of multi-elements
alloyed nanoparticles.
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Figure 2: evolution of number and price of transistors, microprocessor power dissipation
density and clock frequency, and power density. Sources : Wikipedia.org (Moore's Law
Transistor Count 1971-2018), karlrupp.net (42-years-of-microprocessor-trend-
data), .iue.tuwien.ac.at (The ITRS and Moore’s Law), respectively.

On the other hand, nanoscale thermal management approaches are currently in-
vestigated as solutions for the continuous increase in the power densities of the elec-
tronic devices to higher than 1000 W/cm?. As the average cost of a transistor dropped
to the billionth of its price, the transistors number, cost, frequency, power densities and
heat flux during the last decades kept increasing (see Figure 2). In parallel, a slowdown



in the CPUs clock frequencies can be noticed as a direct result of the thermal manage-
ment issues limitations.

For the future of electronics cooling, metallic nanoparticles and carbon-based
materials are expected to have a prominent role due to the high number of atoms and
free electrons at the surface and results in an increase in the electronic contribution in
physicochemical properties of the material. For instance, high intrinsic properties of
graphene have been reported with thermal conductivities up to 5000 W/mK [22].
However, graphene still lacks real case applications in electronics cooling due to
integration issues. Conversely, active and passive solutions based on the addition of
metallic nanoparticles in fluids requires to solve the issue related to the compatibility of
the fluid with the presence of metallic. For instance, many metallic nanoparticles
require the addition of additives to protect them from oxidation [23]. Those additions
hinder the real potanital of the nanofillers from enhancing the thermal properties of
the host fluid.

1.2 Research objective

The effort through this thesis aims at exploring the possibility the produce multi-
element alloyed iron nanoparticles using a novel physical approach for nanopowder
production. This thesis also sheds light on the possibility of integration of graphene-
coating as a protective layer for metallic nanoparticles that finds direct application in
cooling fluids. Finally, a real case study of 3-dimensional graphene-based foam coated
with sintered silver nanoparticles is explored as a heat sink solution and a phase change
container for thermal management. Figure 3 schematizes the focus and progress over
the course of this research work
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1.3 Outline of the thesis

This thesis is written in four chapters. The first chapter gives a general overview about
the role of carbon and nanomaterials and their potential for a multidisciplinary and sustain-
able development. Chapter two shows the potential of the of production and characteri-
sation of low carbon steel nanopowder as candidates for sintering aid in powder metal-
lurgy technologies. Chapter three is divided into three sections that describes the nature
of graphene and its interaction with the substrate, while introducing a novel approach to
enhance the thermal properties of the fluids using graphene coated nanoparticles. In the
last section, graphene is exploited as a 3D high porosity heat sink and a container for PCM.
Chapter four gives brief conclusion about the results achieved in this work.
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Chapter 2: Powder metallurgy and nanoparticles for low-tempera-
ture sintering

2.1 Introduction

Powder metallurgy (PM) applies for the manufacturing approach of which materials
in the form of powders are blended, compacted and heated to consolidate them into
high-density parts. The process is widely used and allows the limitation of the post-con-
solidation with a little amount of waste for applications where high precision tolerances
arerequired. The necessary steps of the powder metallurgy process are summarised in
Figure 4. The elemental or alloy powder is blended with additives including (e.g. binders
and lubricants) before being compacted under the required pressures where the pow-
der surface irregularities interlock in the form of cold welding and result in a high green
density. The temperature is then increased to eliminate all traces of additives and gen-
erate diffusion processes at the surface and volume of the particles to fuse the consol-
idate the powder and eliminate the porosity. Different process steps can be involved
depending on the applications and technologies. Recent advances in powder metal-
lurgy allow the production of parts with full densities using pre-sintering steps through
high pressures compactions [24].

In contrast to conventional PM technology, additive manufacturing (AM) was devel-
oped as a transition mean from analogue to digital manufacturing process by layer upon
layer material deposition. Additive manufacturing allows replicating the 3D computer
model and the production of complicated 3D shapes with minimum material use and
waste.

Both conventional PM and AM approaches create an advantageous trifecta of energy
and material use, simplified production and complex geometries. While the powder is
consolidated in the PM technology through the atomic diffusion to eliminate the poros-
ity, powder in the AM process is consolidated through the melting and solidification of
the heated material (see Figure 4).

12



Figure 4: Powder metallurgy and additive manufacturing process steps, modified from ASTM 2015.
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2.1.1 Sintering

Sintering is defined as the collective result of thermally activated atomic level pro-
cesses through diffusion, creep, plastic and viscous flow and evaporation [25]. It allows
significant strengthening by metallurgical bonding which produce the growth of con-
tacts between particles and their coalescence. The fundamental driving force for sinter-
ing is the surface area, curvature gradients and interface energies through. The process
takes place viairreversible thermodynamics events to reduce the excess surface energy
through mass transport.

Different models have been proposed to define the basic parameters governing the
process of sintering. Based on conventional sintering theories that identify the driving
force for the sintering of powder on the reduction of the surface energy, the sintering
model of free particles can be built on the following expression:

J

g: driving force

. 1 1 y: material surface energy
g=Y. R, Rz] R1 and R2: principal radii of curvature and can be
function of concave or convex surfaces

R

While initial studies were based on the discrete nature of the particles, recent effort
suggested sintering kinetic also being directly linked to macroscopic factors. The con-
tinuum model includes not only sintering kinetic factors related to the properties of the
particles, but externally applied forces, kinematic constraints and inhomogeneity of
properties in the volume [26].

2.1.2 Sintering types

Different types of sintering can be distinguished based on the sintering materials and
processes, and it includes [27]:

- Solid-state sintering: microstructural changes of the particles occur by diffusion
of atoms in the solid-state. The compacted powder is usually heated to 0.5 - 0.9
of its melting point and held for a sufficient time to reach the desired density
depending on the volume of the part and the properties of the materials. Solid-
states sintering can be applied for both homogenous and heterogeneous ma-
terials. In the former, the neck formation and growth are a function of the com-
peting diffusion mechanisms summarised in Table 1 and schematised in Figure
5. In the latter, alloys are formed at the contact point between particles (i.e.
necks), and the further growth of the neck becomes directly depending on the
nature of the alloy and rate of the alloy formation [28].

14



Table 1: transport mechanisms during solid-state sintering

Material transport mecha-  Material source Material
nism sink
Non-densifying | 1-Surface diffusion Grain surface Neck
mechanisms: mi- 2-Lattice diffusion Grain surface Neck
crostructural 3-Gas phase transport Grain surface Neck

changes

Densifying mecha- | 4-Grain boundary diffu- Grain boundary  Neck
nisms: Displace sion

material from 5-Lattice diffusion Grain boundary  Neck
grain boundary re- | 6-Plastic flow Bulk grain Neck
gions

Surface transport

1- Surface diffusion
2-Lattice diffusion
3-Gas phase transport

Bulk transport ; boundary(G8)
4-Grain boundary diffusion
5-Lattice diffusion

6-Plastic flow

Figure 5: Diffusion mechanism during solid-state sintering, modified from [28].

- Viscous sintering: it applies to densification and deformation mechanisms in
amorphous and glass material. In such material, the sintering occurs in the ab-
sence of grain boundaries diffusion mechanisms and grain growth.

- Liquid phase sintering: it refers to sintering mechanism involving the presence
of a small amount of liquid phase (typically less than 20 vol%) through the addi-
tion of a metal or alloy that melts at the corresponding sintering temperatures.
The high-diffusivity path for transport of matter within the liquid phase helps to
achieve densification at a much lower temperature than the required tempera-
ture for the matrix. The process of liquid phase sintering is schematised in Fig-
ure 6. The liquid phase sintering occurs in three different steps through the
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primary and secondary particle rearrangement, intermediate solution/precipi-
tation and solid-state sintering. At the initial stage and while the viscosity of the
systemiis still low, the capillary pressures result in the rearrangement of the par-
ticles. The liquid phase flows around the particles grain and diffuses around the
particles. Densification and coarsening happen during the second step that is
dominated by solution-precipitation. Three different mechanisms are responsi-
ble for the particles coarsening: Solid-state grain boundary migration, liquid-film
migration (directional grain growth) and solution precipitation.

- Pressure-assisted sintering: while the three different sintering mechanisms
mentioned above do not achieve full density, the application of external pres-
sure was found to improve the high density of the PM parts and reach full den-
sity such in the case of hot isostatic pressing (HIP), sinter forging, Spark plasma
sintering and pulsed electric current sintering.
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Figure 6: different densification steps during liquid phase sintering [24].

2.2 Multi-elements alloyed nanoparticles

The ability to alloy different elements into a homogeneous solid-solution structure is
critical for continuous property tuning and materials development. The latter concept
extends greatly the possibility to mix different elements and results in a vast panoply
of properties. The fundamental challenge of creating materials mixtures and alloys is
rooted to the limited immiscibility of the materials as a result of their Dissimilarities (i.e.
different atomic size, electronegativity, crystalline structure, electronic structure, etc).
In the bulk material, a wide range of equilibrium and non-equilibrium alloys and compo-
sition have been developed, while experimental work on nano-alloys is considered rare.
Many of thermodynamic parameters such as Gibbs energy, the specific enthalpy and
entropy are crystal size-dependant as the chemical potential is related to the number
of atoms in the system [29]. Studies on the melting and solidification of nanoparticles

16



revealed a modification in the solubility of chemical elements and a shift of the equilib-
rium curves at the phase diagram downwards towards low temperatures [30]-[32].

Due to the difficult task of analysing the chemical composition of multielement na-
noparticles, many alloyed nanometric materials have been studied through the devel-
opment of models to take into consideration the additional surface tension-dependant
Gibbs free energy with additional segregation energy. The melting temperatures de-
pression were found to nonlinearly decrease with increasing Cu copper concentration
in for Pd—Cu systems and Pd in both Pd—Pt and Pd-Rh binary nanoparticles [33].

2.2.1 Arc discharge method

In a typical synthesis of multi-elements alloys nanoparticles, the precursors are ther-
mally reduced or evaporated at high temperatures. In many cases, the subsequent
rapid cooling process is believed to quench the nanostructure and freezes the nanopar-
ticles into uniform alloys. Thus, the milliseconds scale thermal shock process, such in
the case of the physical production method of the arc discharge and laser pulsed tech-
nologies, enables the physical, non-equilibrium synthesis of alloyed nanoparticles be-
yond the solubility limits.

The production of nanoparticles can be divided into three main categories:
(i)  sol-gel and chemical wet methods for precipitation of oxides mainly from salt

solutions

(i)  flame and spray pyrolysis of both oxide and non-oxide powders, using inor-
ganic solutions

(iii)  physical vapor techniques for nanopowder

17



While the chemical approaches offer better control over the size and morphology of
the produced nanoparticles, the physical methods provide the possibility to scale up
the production and create equilibrium and non-equilibrium phases not even possible at
the microscopic bulk scale. Arc discharge allows the generation of a local high-temper-
ature spot during microsecond. Depending on the control over the temperatures and
the external parameters, condensation occurs quickly and lead to the formation of na-
noparticles. This technique involves establishing a current between two electrodes.
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Figure 7: (a) Schematic of the arc discharge process and its equivalent electrical circuit with the two
electrodes active as a capacitor, (b) main events during the spark discharge in the plasma area including
ionization, electron attachment, radiation etc modified from [34].

Many variables, such as the temperature of the medium, the composition of the fluid
around electrodes influence the size and the structure of the nanoparticles. In the arc
discharges process, the electron flow is due to thermionic or field emission and results
in an increase of thousands of degrees in the local temperature. The electrons are ac-
celerated in the electrical field and interact with the medium present in the anode and
the medium within the chamber. All kinds of matter interactions are considered in the
plasma channel that gives rise to an avalanche of conductive stream composed of elec-
trons and ions during the voltage breakdown [34]. Figure 7.a and 7.b schematise equiv-
alent electrical circuit and the different matter interaction during the arc discharge.
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An attempt to develop multi-elements low carbon steel nanoparticles through arc
discharge process is presented herein. Low carbon steel rods were used as electrodes
and the morphological characterisation of the powder is can be seen in Figure 8.a. The
powder was found to have a spherical shape in result to the rapid and homogenous
cooling in the chamber. The dark contrasts on the surface of the particles is assumed to
be segregated carbon islands. Nanoparticles tracing analysis (NTA) was used to esti-
mate the size distribution of the nanopowder. The result is shown in Figure 8.b. A large
fraction of the analysed nanoparticles were found to be around 6onm size. Agglomer-
ated nanoparticles were detected with cluster sizes above 100nm. Due to the limitation
of the NTA measurement, no particles smaller than 5onm was detected. A complemen-
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Figure 8: nanopowder morphology characterisation with(a) TEM observation of a spherical Fe NP,
dark contrast on the surface of the particle is assumed to be carbon segregation, (b) Size distribution
of the nanopowder indicating a mean size of 64nm, aggregated particles can be observed with peaks
up to 350nm, (c) SPM mapping of nanopowder deposited on Si wafer showing the presence of parti-

cles as low as few nm.

tary measurement using SPM technique served to map the surface of the samples (see
Figure 8.c) and confirmed the presence of particles with dimensions down to a few na-
nometres. These particles are shown through the profiles of the three lines along the
surface of the sample in Figure 8.d.

The chemical composition of the powder was initially analysed using X-ray diffraction
(see Figure 9.a). A large fraction of the powder was identified as an alpha-iron phase
with peaks at 44°, 65° and 82°. Other peaks with lower intensities were difficultly distin-
guished and are assumed to represent iron oxides phase that was observed under TEM
in Figure 9.b. A core-shell structure was observed with different contrast indicating the
presence of two structures with different densities of iron. A chemical reduction
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treatment was performed by adding 0.1 M ascorbic acid to the nanoparticles dispersion
and heated to 70 °C. The samples were dried in the TEM vacuum. The observation of the
chemically treated nanoparticles showed only one crystal structure with an aligned
structure. This indicates the that the ascorbic acid reduced the shell structure assumed
to be an iron oxide coating of the particles that acts as a diffusion barrier during sinter-
ing and hinder the early activation of the densification.
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Figure 9: (a) XRD diffractogram showing peaks corresponding to alpha iron structure at 44°, 65°and
82°. Due to the low-qudlity signal, small peaks of iron oxide (Fes0,) structure at 30° 35° 43° 57°, 62° were
not easily distinguished. (b) TEM observations of iron nanoparticles. A core-shell structure can be ob-
served and is assumed to represent the iron-iron oxide structure. After chemical reduction, the particle
was observed without the bright shell structure.

2.2.2 Size effect at the nanoscale

The high surface energy results in an important effect on the thermodynamic prop-
erties of the nanoparticles. The size effect is predicted to have a double consequence
on reducing the melting temperature of the nanoscale object [30], [35] in addition to
the densification activation and its kinetics [36].

2.2.2.1 Melting of nanoparticles theory

The theory of the melting depression of nanoparticles is based on the ratio between
the surface and the volume of the particle [37]. The model of the melting temperature
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of nanoparticles can be described by combining the Gibbs-Thomson equation with the
linear relationship between temperature and the particle size reciprocal [38]:

T and Teu: melting temperatures of the na-
noparticles and the bulk materials, respec-
tively

c: material related constant (energy and den-
sity related)

z: shape parameter (equal to 1 in the case of
sphere)

rs radius of particle

g=: solid/liquid interface surface energy

AHp: enthalpy of fusion

p= density of the solid phase

ﬂ‘Tm = Tbuik' 2A. UsHmpsrs

In the case of aggregates, the melting behaviour of the nanoscale particles was
found to be affected by the number and the size of the aggregate [38], [39]. Clusters
of nanoparticles form new bonds between the nanoparticles that result in reduced the
surface area, lower internal energy and induce stable atomic configuration. The de-
crease in the surface and internal energy of the system induces a delay in the melting
process of the nanomaterial and aggregated nanoparticles to show less pronounced
melting depression.

In the case of the produced alloyed nanopowder, Differential Scanning Calorimetry
(DSC) measurement in Figure 10 (blue curve) shows endothermic peak at 1358 °C to in-
dicate the melting of the nanopowder. Compared to the theorical melting of the initial
bulk low carbon steel (i.e. around 1460°C), the detected peak shows a melting depres-
sion that cannot be linked only to the size of the nanopowder. Considering the size dis-
tribution of the analysed low carbon steel nanopowder and the low heating rate during
the analysis (i.e. 10 °C/min), it is assumed that the nanoparticles sintering starts to occur
before the melting takes place. In fact, since the nanoparticles are no separated and are
in contact with each other, the powder form clusters of larger dimensions. It becomes
important to take into consideration the clustering size and the fact that the nanosized
effect is no longer conserved.

The green curve shows the change in the mass of the sample during the Thermograv-
imetric analysis (TGA). A three-step weight loss is observed. A decrease in the weight
of the sample is seen at a temperature around 100 °C that is assumed to be the result of
the adsorption of water vapor on the surface of the powder. A second weight loss is
recorded before 150 °C and is considered the beginning of the oxide reductions that
lasts until 280 °C. A third weight loss takes places at around 500 °C. 12.27% of weight loss
is measured at the end of analysis as a result of the oxide reduction taking place at dif-
ferent temperatures.
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Figure 10: DSC measurement of low carbon steel nanopowder under Ar-5%H,atmosphere and 10
°C/min heating rate (blue curve). TGA analysis following the weight evolution during the heating of the
low carbon steel nanopowder (green curve).

2.2.2.2 Sintering of nanoparticles

In addition to the morphology of the particle, the sintering process is directly af-
fected by the size of the particle and concomitant the microstructural properties from
the catalytic effect to the mechanical and the physical properties. Despite the melting
process of the nanoparticles above a certain threshold is not apparent, the sintering
kinetic of nanoparticles can still show important dynamic as a result of the high surface
energy of the particles. Nanoparticles sintering occurs rapidly due to shorter diffusion
distances and higher contact pressure.

The sintering kinetic of the nanoparticles as a function of the temperature can be
expressed by the following model expression [40]:

Tiand T.: sintering temperatures of the parti-
cles of dimensions D1and D2, respectively
In (&) _ & [i_ 1 Q: Activation energy for the predominant
3R Ty T, mechanism
R. gas constant

The result of the dilatometry analysis is presented in Figure 11. A linear expansion at
the beginning of the heating is observed as aresult of the thermal expansion coefficient
of the iron powder. At temperatures around 100 °C, a shrinkage starts and continue until
the temperature reaches the maximum of 930 °C. The latter shrinkage indicates an early
reduction of the oxides and agrees with the results obtained from the DSC analysis. It
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also indicates the densification of the powder through an early activation at tempera-
tures relatively low. At temperatures of 502.42 °C, 685.74 °C, 759.46 °C and 857.42 °C,
the slop of the curve changes considerably in the heating step as a sign for different
structural expansions and contractions (i.e. red curve).
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Figure 11: Dilatometry analysis of the produced alloyed nanopowder at temperature gradient of 5
°C/min and under argon atmosphere.

The explanation of such behaviour is not clear, but since the latter events are no
longer visible in the cooling step where the slop of the curve is seen almost constant
(i.e. blue part), it is assumed that solubility-size -sintering kinetic play an important role
in such result. The rapid densification process in the case of nanoparticles is known to
result in an early isolation of the pores that might delays further oxides reduction and
shrinkage. This can be observed in the TGA curve at the temperatures prior to 500 °C
where the rate of weight loss is reduced. Once the temperature goes above 500 °C, the
third step of the weight loss starts and is accompanied with a further shrinkage ob-
served at 502 °Cin Figure 11. Besides, as discussed earlier, the phase diagram of alloyed
nanoparticles is shifted towards lower temperatures comparatively to the bulk equilib-
rium phase diagram with allotropic phase transformation of phase into gamma-austen-
ite iron phases and verse versa. An additional factor to consider in this conditions is
linked to the sintering induced phase change [41]. Since the cooling step does not show
any obvious expansion/contraction, it is assumed that no phase change occurred during
the cooling. This indicate that the equilibrium phase at room temperature is the same
as the one at 930 °C and is alpha-ferrite iron phase. Thermal events between 500 °C and
930 °C require further investigation.

Previous work on the densification of plasma discharge-produced iron nanopowder
with oxide layer on the surface reported a sintering mechanism starting at 270 °Cin the
under argon/H, atmosphere [42]. In the case of dilatometry analysis of the produced
alloyed nanoparticle, no reducing agent was used during the dilatometry analysis
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performed under argon atmosphere. The result presented here indicates the early acti-
vation of the densification after the reduction of the oxide using the carbon content
within the powder as a self-reduction process. This work shows that the composition
of the particles plays a novel effect for the self-reduction of the oxide layer. Such ap-
proach indicates that the low carbon steel nanoparticles not only can be used as a sin-
tering aid in PM technologies, but also as a promising approach for cost efficient pro-
cess that limits the use of additives for the reduction of the oxides during the sintering
process.
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Chapter 3: Graphene for thermal dissipation in electronics

3.1 Introduction

Carbon materials have attracted increasing interest due to their outstanding per-
formances combining physical, mechanical and chemical properties. Carbon materi-
als family includes a verity of zero-, one-, two-, and three-dimensional allotropes as in
fullerene, carbon nanotube (CNTs), graphene, diamond and graphite, respectively
[43]. All the different dimensionality of carbon allotropes can be found in the sche-
matic representation in Figure 12. More importantly, the 2-dimensional graphene
structure emerged as a material for the future of nanotechnology with outstanding
properties and will be the subject for the focus of this thesis.

Figure 12: Carbon allotropes with sp2-like hybridized carbon nanostructures (a) C60: Buckminsterfuller-
ene; (b) nested giant fullerenes or graphitic onions; (c) carbon nanotube; (d) nanocones; (e) nanotoroids;
(f) graphene; (g) 3D graphite ; (h) Haeckelite surface; (i) graphene nanoribbons; (j) graphene clusters; k
helicoidal carbon nanotube; (1) short carbon chains; (m) 3D Schwarzite crystals; (n) carbon nanofoams (in-
terconnected graphene surfaces with channels); (o) 3D nanotube networks, and p nanoribbons 2D net-
works. Reproduced from [42].

3.1.1 Properties of graphene

Identified in 2004, graphene is a metastable form of carbon with sp> hybridisation
in @ honeycomb lattice, with a thickness of few atomic layers and less than 1000 at-
oms/nm. It is 100 times stronger than steel, flexible as an elastic polymer, with high field
emitter properties and superior electrical and thermal conductivity.

Graphene can be found as monolayers or multilayers structures with a number of
layers, their stacking mode and composition dictating its properties [44]. Even though
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considered as a 2D structure, graphene properties emerge from the 3D electronic cloud
around the layer [45].

Figure 13 shows the energy band structure in the case of single-layer graphene.
Graphene is a zero-band gap semi-conductor where single-layer graphene mimics a sys-
tem of relativistic Dirac particles with zero rest mass. When the number of the layer is
increased, the graphene electronic properties turn to a semi-metal. In the two layers
system, the region around the k shows a minimal anti-crossing overlap of 1.6 meV to-
ward the T point due to the interaction between B and B’ atoms of carbon as a semi-
metal, while displaying a crossing behaviour when moving away from the Tk region in
the Brillouin zone. Above three layers, the graphene systems can be described as semi-
metallic in which the B carbon atom interacts with the next-nearest -neighbour planes.
The increase in the band overlap increases further with the increase in the number of
graphene layers. Finally, at a number of layers above eleven, the difference in the band
overlap becomes less than 10%, and minor modifications are observed [46] .

(a) Monolayer graphene (b) Bilayer graphene

2 2 4 K or %2
2nia

Figure 13: Low energy DFT 3D band structure and its projection on kx component close to K point for
(a) monolayer graphene, (b) bilayer graphene, (c) trilayer graphene and (d) bulk graphite.

Multilayer graphite can fellow different stacking structures that affect its proper-
ties. Graphene stacking can be identified in a Bernal stacking as the thermodynamically
stable form or Rhombohedral stacking that is metastable and is known to coexist in
bulk graphite at volume fractions that vary significantly with the production process
(see Figure 14). The difference in the stacking structure result in a difference in the dis-
tinct structural symmetries of which Bernal stacking is non-centrosymmetric and the
latter is centrosymmetric [47]. While the single-layer and bilayer graphene are consid-
ered semimetal, the few layers graphene would be either semi-metallic or semi-conduc-
tor in the cases of Bernal or rhombohedral, respectively [24]. In Bernal stacking, half of
the carbon atoms from the second layer coincide with the carbon atoms of the first
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layer, while the other half lies above the centre of the hexagonal lattice of the first layer
in an ABA stacking. An angle of 0-30° can be found in twisted multilayer graphene as in
AA’ stacking, and a magical angle of 1.1° led the discovery of unconventional supercon-
ductivity in graphene [25]. Rarely all the atoms match the positions of the carbon below
with a 0-angle -stacking structure and layers can be shifted as an ABC stacking is rhom-
bohedral structure.

(a) (b) AB

b odae R
= e

Figure 14: Different stacking sequences on the base of (a) Graphene monolayer and
(b) AB-stacked graphene bilayer resulting in (c) ABA (Bernal stacking) and (d) ABC
(rhombohedral stacking), adopted from [46].

3.1.2 Graphene-metal interaction

One important aspect of the interest developed for graphene is the graphene/metal
interaction that plays a major role in the chemistry and physics of the graphene/metal
interface and the properties. Substrate-induced effects are a critical aspect of graphene
material science that results in various properties. The arrangement of the substrate
atoms with the carbon atoms strongly affects the bonding between the graphene and
the metallic substrate and results in different interface separation and binding energy
[48]. Four different structural arrangements of graphene/metallic substrate with a di-
rect effect on the graphene properties to either form metal carbide and lattice mis-
match (see Figure 15) [47]. Through to the competition between carbon-carbon and
carbon-metal interactions, the carbon-metal can be classified as [50]:
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Weak interaction in the case of silver, gold, copper and platinum substrates, and
is formed where the carbon atoms are located on the triangular hollow sites of
the metallic substrate.

Strong interaction in the case ruthenium, platinum, rhodium, and iridium sub-
strates and can occur as a result to (i) formation of carbides during the deposi-
tion (ii) small graphene/substrate separations where the substrate lattice and
the graphene lattice match well,(iii) a substantial alteration of the graphene mt-
band, in particular, a shift to the higher binding energy of 1-3 eV and opening of
a bandgap; and (iv) large corrugation of the graphene layer with buckling of
more than 1A is observed.;

Very strong carbon metal interaction where the carbon atom intercalates the
layer of the substrate in the case of palladium substrate.

The presence of the metallic structure at the proximity of the graphene induced

a doping effect on the graphene that was reported with graphene on Ag and Cu as
n-type while p-type doping in the case of Pt was measured with the Dirac point 0.3
eV above the Fermi level [51].

Q Ist metal layer (surface)
© 2nd metal layer

O(\r‘ O(\o

C 3rd metal laver (for fec metals)

Figure 15: the different four low symmetry adsorption configuration of (a) graphene atoms are lo-

cated in three-fold hollow sites of the surface, (b) carbon atoms are alternately occupying metal-atop
sites and the ‘FCC” hollow sites, (c) carbon atoms are alternately occupying metal atop sites and the

‘HCP’ hollow sites, (d) adsorption structure in the case of bridge [49].
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3.1.3 Synthesis of graphene

Current development in material science has led to more controllable approaches for
the growth of graphene. Two main growth mechanisms can be listed [52]:

- Precipitated growth: in the case of strong interactions carbon-metal such in the
case of nickel. First, the carbon atoms dissolve into the catalyst at high temper-
atures. During the cooling step, the solubility of the substrate in carbon is de-
creased and the carbon atoms segregates at the surface in the form of multi-
layer graphene.

- Diffusive growth: in the case of weak interactions carbon-metal such in the case
of copper and silver, the decomposed carbon atoms stay at the surface and dif-
fuse in a rate that dictates the nucleation and growth of monolayers graphene
grains. The table below lists some of the methods used commonly to produce
single or multilayers graphene:

Table 2: Production methods for single and multilayers graphene

Single-layer graphene Multilayers graphene
Reduction of single-layer graphene ox-  Reduction of multilayers graphene ox-
ide ide
Chemical vapor deposition Thermal exfoliation

Epitaxial growth Aerosol pyrolysis
Micromechanical cleavage Arc discharge

Dispersion in polar solvent

3.2 Nanofluids

The electronics devices with heat fluxes over 1000 W/cm? require the use of advanced
thermal dissipation technologies such as liquid cooling. For examples, single-phase lig-
uid cooling technologies as the microchannel heat sink, and two-phase liquid-cooling
technologies as heat pipes and thermosyphons are currently used in the industry. How-
ever, due to the inherently low thermal conductivity of the fluids, nanoparticles with an
average size below 100 nm were introduced as fillers suspended in fluids. The approach
was found to have a positive effect on the thermal properties of the base fluids. Reports
on nanoparticles dispersed in liquid fluids indicate [53]:

- large surface area for heat transfer, with a large number of electrons available on

the surface;

- Enhanced convection as a result of the low particle momentum and very high
mobility;
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- Nonlinear relationship between the concentration of the nanoparticles within
the fluid and the thermal conductivity enhancement and strong dependence on
the temperature and the size of the nanoparticles;

- increased in the laminar heat transfer coefficient is by a factor of up to 3.5 while
the natural convection heat transfer coefficient is negatively affected by the
presence of the nanoparticles;

- Significant enhancement in the turbulent heat transfer coefficient.

3.2.1 Graphene coated nanoparticles as additive for water-based fluid

In this work, graphene-coated copper nanoparticles were developed in collaboration
with SHT Smart High-Tech AB, Sweden using the top-down physical route of arc dis-
charge.

The graphene coated copper nanoparticles were observed under TEM and found to
exhibit a spheroidal to spherical morphology (see Figure 16.a). The coating was ob-
served to surround the particles with a varying number up to fifteen layers. The SPM
analysis in Figure 16.b shows a size distribution with an average size of 57.5nm and a

maximum of 87.27nm.
88.2nm
|
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Figure 16: (d) TEM observation of copper coated nanoparticle. The graphene coating can be seen embed-
ding the particles. (b) SPM result of the copper nanoparticles shwoing a size distribution up to 88.2nm

XPS analysis was used as a surface analysis method in order to investigate the origin
of the coating. The result is shown in Figure 17 with the deconvolution of the Cis into
three primary and one minor component. The main peak and their identification are
summarized in table 3.
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Figure 17: Deconvolution of the C1s peak from XPS analysis. Three main peaks are cre-
ated in addition to a minor peak

The result of the of the XPS analysis confirm the nature of the graphitic structure the
carbon layers around the copper nanoparticles. The sp2 bonds of carbon constitute the
basic nature of the 2D graphene while the sp3 bond indicate the presence of multilayer
configuration. The presence of oxygen bonds can be due to the impurity formed during
the handling of the sample.

Table 3: XPS peak deconvolution of the carbon peak

Peaks position (eV) Identification
284.63 sp” carbon, main lattice
285.09 sp3 carbon, amorphous carbon/defects
286.38 C-O-Cbond
290.59 C1s satellite

Zeta potential results of the dispersed nanofillers in water are shown in Figure 18 with
an average value of 6.22mV. With such low value, the dispersion is not stable, and the

particles are prompt to aggregation.
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Figure 18: Zeta potential measurement of three samples of
graphene coated copper nanoparticles
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3.2.2 Thermal conductivity and viscosity of the nanofluid

Many theories have been developed in order to explain the correlation between the
thermal conductivity variation and the presence of the dispersed nanoparticles. Studies
have suggested the increase of thermal conductivity in nanofluids can be explained by
[54]:

i. Increase in thermal transfer due to nanoparticles free motion (i.e. Brownian

motion);

ii. Nanoconvection in the fluid;

ii.  Agglomeration of nanoparticles;

iv.  increased interatomic interactions that lead to an increase in thermal energy
transfer;

v.  lLayer-like ordered liquid molecules around the solid;

vi.  Ballistic phonon transport of heat through solid nanoparticles.

The thermal conductivity of graphene coated copper nanoparticles in water were
evaluated at temperatures varying from 25 to 45 °C and with concentrations of 0.1w.%,
0.05 W.%, 0.02 w% and 0.01 w.%. The fluids were sonicated under 2W for 10min to dis-
perse the particles. No surfactant was used in this initial work. Figure 19 shows the re-
sult of the thermal conductivity of nanofluid using the hot disk method. The thermal
conductivity for the different samples was found to vary linearly with the variation of
the temperature and the concentration. A positive correlation can be seen as the tem-
perature increased while the most significant improvement was registered for the high-
est concentration and at a temperature of 45 °C.

As the graphene coated nanoparticles copper nanoparticles were found to have a
small stability in the solution, the effect of the fluid molecules is not considered. It is
assumed that the presence of the nanofiller within the solution increased the thermal
conductivity of the fluid through the contribution of the solid phase conduction. As the
concentration increased, the contribution of the conduction in the thermal transport
also increased. The improvement in the thermal conductivity of the nanofluid as the
temperature increased is assumed to be due to the variation in the nanoconvection and
the Brownian motion that is directly related to the temperature of the fluid.
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Figure 19: Thermal conductivity measurements of the different concentration of NFs at temper-
ature of 25°C, 30°C, 35°C, 40°C and 45°C.

Thermal conductivity (W/m.K)

Figure 20 shows the results of measurement of the viscosity of the different concen-
trations of the nanofluids. Water viscosity is measured as a reference. The results con-
firm the nature of the Newtonian behaviour of water where its viscosity remains rela-
tively unchanged with the applied shear rates. The increase in the concentration of the
nanoparticles in the fluid increased the viscosity of the fluids. However, the presence of
the nanofillers did not show a difference in the rheological properties of the fluid except
for the high concentrations of 0.05 w.% and 0.1 w% at a low shear rate where the nano-
particles formed aggregates.

Graphene coated copper nanoparticles explored in this work were found to exhibit
a positive effect on the thermal conductivity of the fluid. As the graphene is known to
act as a protective layer against oxidation, the latter approach allows potential use of
the metallic coated nanoparticles as nanofiller for liquid based cooling technologies. An
additional effort should be invested in improving the stability of the nanofillers in order
to ensure homogenous and reliable properties.
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Figure 20: viscosity analysis of the copper coated NFs. The aggregation
effect is seen at low shear rate and high concentrations
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3.3. High porosity graphene foam for heat dissipation

An example of non-conventional material design that combines high surface area
with high thermal conductivity can be found in metallic foams. While offering a good
compromise between high levels heat dissipation with limited power and cost, this pas-
sive approach also combines low density and light weight, high surface area to volume
and high mechanical properties. The thermal properties of these foams were found to
be directly related to the intrinsic thermal conductivity of the solid phase first, but also
the porosity level and the nature of the filler or the fluid flowing through it.

3.3.1 Graphene foam heat sink

3.3.1.1 From 2D to 3D graphene structures

Various production methods of the 3D graphitic structure have been proposed and
can be correlated to different properties and applications. The production of 3D gra-
phene structures methods includes a foam-like template or a aerogels/hydrogel and can
be categorised into three primary strategies: direct synthesis of 3D graphene, assembly
of graphene oxide sheets and template-assisted assembly. While the two latter meth-
ods result in modest structural and physical properties, the direct synthesis of the gra-
phene foam via Chemical Vapor Deposition (CVD) is the most reliable.

CVD growth of graphene foam implies the use of pre-fabricated 3D metal substrates
such as Ni foam that acts as a catalyst and template for the growth of the foam. The
porous nickel foam is subjected to pyrolyzed methane gas (CH,) at temperatures of
1000 °C and ambient pressure at constant rates. After the growth, a thin film of polyme-
thyl methacrylate (PMMA) is coated on the graphene and used as protection from the
etchant while it holds the structure before the etching using hydrochloric acid (HCI) or
FeCl; solution to remove the nickel. Finally, the foam is immersed into hot acetone to
remove the PMMA [55]-[57].

3.3.1.2 3D-high porosity graphene foam

In recent years, a focus was given to the 3D high porosity graphene foam. The 3D
structures consisting of ultrathin graphite reached a value higher than 1500 W/mK that
is 10 times higher than the thermal conductivity of aluminium for only the fifth of its
density [58], [59]. While the increase in the number of layers of graphene is known to
deteriorate its thermal properties and affect negatively the overall performances [60],
the increase in the carbon-based structure thickness was found to result in an additional
enhancement through the increase in the high thermal conductivity solid matrix frac-
tion. Forinstance, the effective thermal conductivity of electroplated copper on a re-
ticulated vitreous carbon foam reached 100% enhancement at 5% solid density increase
and up to 3500% enhancement at 52% in density [61].

3.3.1.3 Phase change materials
Different forms of energy storage such as mechanical, electrical, chemical or thermal

approach car used in different applications. In Electronics, the thermal energy storage
includes sensible heat that and is used as energy to raise the temperature, while latent
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energy storage is based on the heat release or absorption during a phase change from
solid to liquid to gas and verse versa. A large number of Phase Change Materials (PCMs)
(organic, inorganic and eutectic) are available with a wide range of physical, kinetic,
chemical and thermal properties and paraffin wax is the most promising ones for the
electronics thermal management. Paraffinis largely available, reliable, not toxic and sta-
ble with little volume change and consists of chains of n-alkanes of CHs-(CH,)-CH; that
involves significant amounts of heat during the phase change. However, the thermal
conductivity of paraffin grades is low and different approaches are deployed to en-
hance their thermal properties. Nanoparticle-enhanced phase change materials have
been extensively studied with different types of nanoparticles, concentrations and dis-
persion methods [62][63]. Despite the positive impact on the thermal properties, re-
sults showed short term stability of the mixtures as a consequence of the segregation
and deposition of nanoscale fillers. In addition to offering a template to strengthen the
mechanical properties of the PCM, non-movable matrix on the other hand shows prom-
ising improvement in the thermal properties.

3.3.2 High porosity graphene foam heat sinks and container for PCM

Recent developments in the heat dissipation in electronics led to the use of high ther-
mal conductivity, high porosity and lightweight materials as composites for a mutual
property enhancement. PCM plays a role in the improvement of the thermal behaviour
of the foams through the enhancement of the heat transfer at the pore level and the
improvement of the convection at the interface of the liquid phase with the absorbed
heat [64]-[66]. In the case of copper foam/PCM system, the thermal conductivity en-
hancement reached 200% comparatively with pure PCM [67], and a temperature drop
of up to 30% was reported in the case of aluminium foam [65], [68]. Nickel foam was
also impregnated with PCM and achieved a temperature decrease of 24%[69],while the
later reached an increase of 23-fold by growing graphene on its surface [70].

In this work, the PCM was infiltrated incrementally within the graphene foam/silver
composite, and the temperature profile of the thermoresistor was recorded. Silver na-
noparticles sintering was used to attach the graphene foam on the back surface of the
heater. The high porosity material was deposited on top of the wafer and sintered at
290 °C. Additional silver nanoparticles were added and sintered under the same condi-
tions in order to strengthen the 3D structure. Different amounts of PCM were then
added, and the thermal properties were investigated and compared to graphene
foam/silver coating, graphene foam and nickel foam. Figure 21 is a simplified schematic
of the sample preparation steps.

SEM observations of the 3d porous structures are presented in Figure 22. The addi-
tion of the sintered silver nanoparticles can be observed Figure 22.a with a bright con-
trast filling the concave surface of the graphene foam with a coating of less than 500nm
(see Figure 22.c) and a relatively high density after sintering (see Figure 22.d). The struc-
ture of the secondary microchannels is indicated in Figure 22.b. The attached structure
of graphene is presented in Figure 22.e where the flexibility of the foam allowed to
reach good quality contact without the application of external pressure. Due to the sta-
bilization of the graphene with the ethylene glycol used as a dispersion medium for the
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silver nanoparticles, the contact point at the interface graphene/silver is seen through
the opening of the strut in Figure 22.f.

Addition of Ag NPs Addition of the
. dispersion e
odsd ve
Front side of the wafer Back side of the wafer Foam placed on the wafer
with the printed heater

4

G 2
S TR 1* sintering at 290°C

&=
Addition of the Reinforcement of the
paraffin and foam with at!dltlonal Ag
melting it coating Foam attached on the
wafer
Foam reinforced with Ag coating

Figure 21: schematic representation of the sample preparation of graphene foam/silver composite. A
layer of Ag nanoparticles is first coated on the back of the heater; the foam is then deposition and sin-
tered. Additional Ag coating is added and sintered under the same conditions. The PCM is melted and infil-
trated gradually into the porous structure.

The result of the DRT Joule heating for the thermal conductivity measurements of
the porous structure of graphene before and after the addition of the silver coating are
shown in Figure 23.c and 23.d, respectively. The variation of resistivity in the case of

@~ o

ﬂ,

section

Figure 22: (a) graphene foam coated with Ag NPs, (b) Internal secondary microchannels within showed
on broken foam node, (c) Ag NPs deposited on graphene sheets, (d) Sintered Ag NPs at 290°C, (e) foam
struts in contact with the substrate and (f) zoom-in at the contact of the strut/substrate.
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graphene foam followed a nonlinear inverse proportional resistance increase with
the current due to the negative temperature coefficient of resistance of graphene and
reached a value of 1-1073 Q.m. With a positive temperature coefficient of resistance, the
presence of silver switched the mode of conduction to pure metallic behaviour with a
proportional increase in the resistance with temperature as an ohmic linear behaviour
with a resistivity value of 2 W/mK. Considering a solid volume fraction of 0.45 vol.%, Us-
ing the parallel composite model, the values of thermal conductivity for the graphene
foam with and without silver corresponded to values of 319 W/mK and an increase to

352 W/mK when the silver coating and the porosity level changed from 99.6% to 99.44%,
respectively.
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Figure 23: DRT setup and results of the measurement. (a) photograph of the graphene foam suspended
between two copper blocks; (b)photograph of graphene foam coated with silver and suspended between
two copper blocks; (c) Resistance measurement at different current.

3.3.2.1 Graphene foam as a heat sink and PCM container
The thermal properties of the high porosity structures were evaluated and plotted in

Figure 24. The graphene foam with Ag coating was found to exhibit the best thermal
behaviour comparatively to the metallic nickel foam and heater without a heat sink (see
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Figure 24. a and b). Due to the higher thermal conductivity of the graphene foam/silver,
the junction temperature in the case of the graphene foam/silver was the lowest at
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Figure 24: Temperature rise at different power level in the case of (a) no heat sink and (b) three heat
sinks (i.e. graphene foam (GF), nickel foam (Ni-F) and graphene foam coated with Ag (GF/Ag). Transient
temperature of graphene foam coated with Ag with different PCM load at: (c) 0.24W, (d) 0.35W, (e) 0.64W
and (f) 1W. (g) Measurement comparison of graphene foam coated with Ag at horizontal and vertical orien-
tations. (h) Summary of the junction temperatures (blue) and time to reach the maximum temperature
(green/red) at different power levels and PCM loads
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different power levels. At 0.24 W and 0.36 W, the junction temperatures of nickel foam
were comparable to the ones of the heater without a heat sink. At higher power levels,
nickel foam performed poorly comparatively to the heater and resulted in higher junc-
tion temperatures. It is was assumed that the sintered nickel foam performed poorly in
aresult of limited contact between the solid foam and its substrate.

Incremental amounts of paraffin were added to the graphene foam, and the evolu-
tion of the temperature of the heater was recorded in the case of GF-Ag. The high po-
rosity foam contained the melted PCM at different levels and up to a 0.4g of paraffin
before it started to drip. The results of the thermal behaviour of the graphene foam
coated with sintered silver and infiltrated with paraffin are shown in Figure 24 (c-f).
Higher amounts of PCM resulted in the improvement of the thermal conductivity of the
GF-Ag/PCM system and lower junctions temperature. No delay in the time to reach equi-
librium was observed at 0.24 W. The maximum temperatures reached during the heat-
ing step with low power were lower than the melting point of the PCM. The highest
time delay achieved was in the case of 0.36 W since the heat flux generated at this
power resulted in a low melting rate. The addition of PCM resulted in longer time to
melt entirely and resulted in additional time delay to reach the equilibrium. The heat
flux generated at higher power levels (i.e. 0.64 W and 1W), was enough to rise the tem-
perature of the heater above the melting point of the PCM. An increase in heat flux
resulted in a faster melting while an increased amount of PCM increased the time delays.
Figure 24.g compares the performances of graphene foam/silver as a heat sink in the
horizontal and vertical configuration. The similar results obtained indicate the presence
of convection in horizontal position and the validity of the approach for applications at
a different orientation. Figure 24.h summarizes the time delays and the junctions tem-
peratures corresponding to different power levels and weights of PCM.

3.3.2.2 Role of secondary microchannels in heat transfer

The heat transfer and fluid flow were modelled using the finite element method (FEM)
software COMSOL Multiphysics v5.4 to identify the contribution of the secondary mi-
crochannels within the microporous 3D graphene foam. The case study is related to
heat conduction in solid and fluid flow through the secondary microchannels, while the
radiative heat transfer and the temperature dependence of other properties were ne-
glected. A velocity of 0.1 m/s was forced in order to take into consideration the experi-
ment conditions. Figure 25 present the schematic of the 3D and 2D single strute model.

Figure 26.a and 26.b show the 3D and 2D representations of the foam and joule

heating results, respectively. While the highest temperature is achieved at the centre
of the chip, the temperatures profile around the chip remains relatively high at equilib-
rium state. It indicates that good contact of the heat sink on the back of the chip is
required in order to achieve good heat dissipation efficiency. Figure 27. (a-c) show the
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results of velocity magnitudes, pressures and convective heat fluxes along a vertical
column of the foam. Insets of each parameter are showed within its respective figure.
The velocity of the air flow is seen decreasing more within the secondary microchan-

One column foam
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Figure 25: (a) 3D model of the one single column part of the foam with five nodes, (b) 2D represen-
tation of the single column foam with lines profiles and local levels indicated for the studied parame-
ters.

nels comparatively to air flow within the primary microchannels. A pressure build-up is
observed within the inner volume of the cylindrical column in results to the small diam-
eters of the secondary microchannels. The convective heat flux follows the trend of
the airflow velocities along the column, and a more significant decrease is observed
within the column comparatively to the outer volume.

Time=400 s Surface: Temperature (degC)

mm 14F

Va3

o 0.5 1 15 2 x10* Hm

Figure 26: (a) 3D representation of the graphene foam deposited on the surface of the
heater, (b) 2D result of the temperature profile on the side of the heater at 0.64W.

Figure 27.d shows the variation of velocity magnitude and convective heat flux along
with the line profiles 1 and 2. For the secondary microchannels (line profile 1), the convec-
tive heat flux decreases gradually after each node along the vertical struts. In the case of
the primary microchannels (line profile 2), the convective heat flux slowly decreases as the
airflow is slowed down. The convective flux in the latter case is still comparable to the
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convective flux within the primary microchannels and contributes to the overall heat ex-
change. Table 1 summarizes the values of the ratio between the airflow within the primary
and the secondary microchannels at five different levels (see Figure 25).
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Figure 27: 3D profile showing the (a) velocity magnitude with an inset of the top of the foam with a
maximum scale limited to 10 - 104 m/s, (b) pressure evolution along the vertical column with an inset of
the top of the foam and a maximum scale limited to 0.1 Pa, (c) convective heat flux along the column
with an inset of the top of the foam and a maximum scale limited to 5 - 102 W/m? (d) profiles of the air
flow velocity and convective heat flux magnitudes along the primary and secondary microchannels in the

Table 4: Ratio values of velocity, pressure variation and convective heat flux magnitudes at five points
along the foam column between the flow in the primary and secondary microchannels

Level 1 15,41 0,08 15,41
Level 2 10,61 0,20 10,61
Level 3 8,09 0,14 8,09
Level 4 6,50 0,12 6,50
Level 5 5,09 0,09 5,09
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Chapter 4: Conclusion

This thesis aims at contributing in the development of nanomaterials for low-
temperature sintering and thermal management through an effort to produce and
characterize multi-element nanoparticles as a sintering aid for powder metallurgy and
the use of the graphene material as a coating and 3D high porosity materials as a heat
spreader for electronics cooling.

The first part of the thesis shows the result of the production and characteriza-
tion of low carbon steel nanopowders as a multielement alloyed nanopowder. The mor-
phological analysis showed the produced particles as nanosphere with an average size
of 64nm. Smaller particles with sizes as small as few nanometers were also detected.
Iron structure was identified with XRD analysis and a small fraction of iron oxide was
detected and observed to surround the nanoparticle as a shell-core structure of iron
oxide-iron. While the melting depression was found difficult to link directly to the size
of the particle, the produced iron nanopowder showed an early shrinkage activation.
Comparatively to previously reported work. In addition, a novel effect is reported as a
self-reduction process due to the presence of carbon within the powder. Such proper-
ties indicate preliminary a composition effect that is combined with a size effect and
can be used for applications in PM technologies. Additional effort to determine the local
chemical composition within the nanoparticles is required in order to understand fully
the effect of the alloying element in the densification of iron nanoparticles.

Graphene coated copper nanoparticles were developed in this work as fillers
for water based nanofluids. The coated nanoparticles were found in the nanometer size
range and fully covered with multilayers graphene that is assumed to act as a protective
layer against the oxidation of the metallic nanoparticles in water. The evolution of the
thermal properties of the nanofluid indicated a positive correlation with the increase of
the concentration of the fillers. Such an increase is assumed to be due to the presence
of the nanofillers with a high thermal conductivity that contributes to the thermal
transport. In addition, the thermal conductivity of the fluids was found to increase with
the increase of the temperature as a result of the increase in the mobility of the nano-
particles within the fluid through Brownian motion and nanoconvection. As a Newto-
nian fluidic system, the viscosity of the fluids was constant through the addition of dif-
ferent concentration of the nanoparticles except for high concentrations and low shear
rate that were found to promote the segregation of the nanoparticles. The promising
results shown by the graphene coated copper nanoparticles allow their use in electron-
ics cooling as promising nanofillers. Additional work to study and improve the stability
of the graphene coated nanoparticles is needed.

The graphene foam effective thermal conductivity was measured using DRT
joule heating and a further 54% enhancement through the addition of a silver coating
was achieved. Even though the thermal conductivity of the composite was found lower
than that of pure copper, it is assumed that such structure can still be a good alternative
for application in electronics where copper is not recommended. Further improvement
of the thermal conductivity of the foam can be investigated by decreasing the graphene
thickness in term of the number of layers and proceeding to heat treatments to im-
prove the structural properties of the foam and enhance the thermal transport capabil-
ities. The use of silver nanoparticles allowed achieving a good quality sintering at rela-
tively low temperatures exploiting the mechanical flexibility of the graphene foam to
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achieve maximum surface contact with the substrate. As a result, the thermal proper-
ties of the graphene foam heat sink achieved better cooling performances in combina-
tion with the intrinsic high thermal conductivity of the graphene. The impregnation of
the high latent energy organic material resulted in the slowdown of the temperature-
rise considerably while showing a positive effect on reducing the maximum tempera-
ture. A CFD model was developed and showed that the additional secondary micro-
channels within the foam contribute to the heat transfer. Even though the conduction
mode is dominating the heat transfer process in such systems, it was found that the
secondary microchannels in the case of graphene foam-based approach can have a pos-
itive and non-negligible contribution in the heat transfer process. Therefore, the high
porosity graphene foam gives a chance to the potential use of this system in advanced
heat transfer strategies combining high conductivity material, high latent energy, and
high convective heat flux approach.
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