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摘

要

近期氧化鋁奈米複合材料發展新增對電子元件中散熱基板的需求，本研究嘗
試添加少量 0.57~8.5 vol％的奈米碳(nano-carbons 包括:奈米碳管、石墨烯或奈米鑽
石)與氧化鋁粉末混合製漿，再壓成生胚片後以脈衝電流燒結技術(PECS)使奈米複
合材料緻密化，期望透過添加高導熱的奈米碳材料，大幅改善氧化鋁的導熱性和
韌性。
由於石墨烯及奈米碳管緻密化過程中在晶界累積形成阻礙以及奈米鑽石在緻密
化過程中發生釘扎效應(pinning effect)，在添加少量石墨烯及奈米鑽石的確略微提
高氧化鋁之導熱率，但隨著奈米碳添加量的增加，卻反使導熱率快速下降。在校
正孔隙率和晶粒尺寸的影響之後，顯示添加少量的奈米碳對於導熱率的增加有所
助益，但是超過臨界值後，添加奈米碳後將使導熱率急速下降。
本論文討論三種不同奈米碳(nano-carbons)對於氧化鋁複合材料之熱物理性能的
影響，並且若要發揮的優異熱傳導性，必須同時考慮到結構特徵與熱傳方向。其
中，二維石墨烯的最佳傳熱方向是平面的，但卻恰好垂直於熱傳的目標方向；一
維奈米碳管的最佳傳熱方向是沿軸向，但由於奈米碳管的纏繞效應，傳熱的結果
顯示是隨機的，熱傳效益也可能相互抵消，未能發揮 CNT 的優良傳熱性能。零維
的納米金剛石是目前最好的添加劑，因為它沒有特定的傳熱方向，並且該結構不
會在晶界處產生阻礙，這會影響緻密化。這項工作的結果表明奈米鑽石和 PECS
技術的巨大潛力適合陶瓷複合材料的各種工程應用。
關鍵字： 石墨烯；奈米碳管；奈米鑽石；氧化鋁奈米複合材料；熱傳導
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Abstract
The latest developments in power electronics have increased the demand for
heat-dissipating substrates. The present study prepared the alumina slurry with the
addition of a small amount (0.57 to 8.5 vol%) of nano-carbon (carbon nanotubes,
graphene or nanodiamonds). The slurry was compressed into a green compact. The
nanocomposite was prepared using the pulsed electric current sintering (PECS)
method.

The nano-carbons (graphene/nanodiamond/CNT, less than 1 vol%) play the role
of heat transfer in the nanocomposites. In terms of the structural characteristics, and
the heat transfer, the best heat transfer direction for 2D-graphene is its planar
direction. It happens to be perpendicular to the heat transfer direction of the target.
The best heat transfer direction of 1D-CNT is along the axis direction. Because of the
entanglement of CNT, the direction of heat transfer is random, and the efficiency of
heat transfer might offset each other. Therefore, the CNT failed to play an excellent
role in heat transfer.
Zero-dimensional nanodiamond is currently the best additive because it has no
specific heat transfer direction, and its specific surface area is smaller compared to
that of graphene and CNT. Moreover, its presence does not affect the densification.
The present study shows that a small amount of nanodiamond (less than 1 vol%)
leads to a better heat transfer than pure alumina.

Keywords: graphene; CNT; nanodiamond; alumina composite; thermal conductivity;
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Chapter 1

Introduction

Recently, the importance of the thermal properties of materials has been
increased through the way of practical needs and fundamental science. Due to the
increase in the level of power dissipation, heat dissipation has become a key issue for
persist progress in the electronics industry [1].
The development of nano-carbon such as nanodiamond, carbon nanotube, and
graphene has undoubtedly accelerated the nanotechnology in recent years. From the
structural illustration of some 0-, 1-, and 2- dimensional carbon nanomaterials
occurring in different crystallographic forms, it was inferred that nano-carbon is
comprised of a set of materials, mostly with different structure, morphology, and
thermophysical properties. The above-mentioned materials all contain one of the
critical elements, carbon, which is the primary building block of their structures [2].
The nano-carbon exhibits a wide range of unique properties, including large aspect
ratio, exceptional high Young’s modulus as well as high strength [3]. Apart from the
impressive mechanical performance, the thermal conductivity of nano-carbon also
demonstrates higher-than-expected values [1]. Hence, the nano-carbon is strongly
related to their exceptional properties facilitated by their nanoscale structure.
Moreover, nano-carbon has been used in many areas recently.
The discovery of carbon nanotubes (CNTs, termed one-dimensional carbon),
graphene

(termed

two-dimensional

carbon),

and

nanodiamond

(termed

zero-dimensional carbon) have enabled many opportunities [4]. For example, the
nano-carbon exhibits incredibly high mechanical strength. The addition of CNTs and
graphene into ceramics indeed enhances their toughness considerably [3]. Previous
1
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studies have demonstrated that the addition of 1 vol% CNTs increases the toughness
of alumina by 24 % [5]; the addition of 0.8 vol% graphene increases the toughness
by 40 % [6].
In addition to the impressive mechanical performance, the thermal conductivity
of CNT, graphene, and nanodiamond is higher than expected. For example, the
thermal conductivity of CNT can reach ~3,500 W/mK [2]; the thermal conductivity
of graphene can reach ~5,300 W/mK [2]; the thermal conductivity of diamond can
reach ~2,200 W/mK [2]. This study attempts to add nano-carbons such as graphene,
CNT, and nanodiamonds in the alumina composite. These excellent thermal
conductivity properties are combined with alumina to form nanocomposites to
maintain good alumina insulation. However, the previous reports [7-9] suggest that
the addition of nano-carbons and the microstructure might play an essential role in
the thermal conductivity.
This research tries to investigate the different nano-carbons on how to influence
the thermophysical properties of Al2O3 - graphene/CNT/nanodiamond composites.
The relationship for microstructure- thermal conductivity is then established.

2
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Chapter 2

Literature survey

2-1 Development and application of carbon nanotubes,
graphene, and nanodiamond
2-1-1 Nano-carbon: graphite, carbon nanotubes, graphene, and
nanodiamonds
Graphite, carbon nanotubes, graphene, and nanodiamonds are the
allotropes of nano-carbons where graphite is a layered planar structure, and
the carbon atoms in each layer are arranged in a honeycomb crystal
structure. The periphery of each carbon atom is covalently bonded to three
other carbon atoms, and the arrangement is a honeycomb-shaped plurality
of hexagons with a weak van der Waals force between each layer. Since
each carbon atom emits an electron, and those electrons can move freely.
The graphite has excellent electrical conductivity and is often used as an
electrode in the industry.

2-1-2 Development of carbon nanotubes
Dr. Iijima discovered the carbon nanotube in 1991. He observed the
carbon fiber from an arc-discharge evaporation method by SEM [10]. It is
a kind of helical microtubules of graphitic carbon. Each carbon atom on
the tube is sp2 hybridized. According to the number of layers of the tube, it
is classified as single-walled CNT and multi-walled CNT. The radius of the
tube is as thin as the nanometer scale, and tens of thousands of carbon
nanotubes are only one hair width. It is why the so-called carbon
nanotubes.
3
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2-1-3 Graphene - the first 2D material
Graphene is a monoatomic layer of graphite [11-14]. Each carbon
atom is sp2 hybridized with adjacent three atoms to form a bond and
extends into a two-dimensional structure honeycomb. Single-layer and
perfect graphene have a high light transmission rate (absorb only 2.3%
visible light) [12], high thermal conductivity (~5,300 W/mK) [2], high
Young’s modulus (1 TPa) [12], and extremely high electron mobility
(2.5x105 cm2/Vs) [12] which is lower than silver or copper. As a conductor
of heat, it surpasses all other known materials. Graphene is the thinnest and
strongest material known to exist.
In 2004, the team led by Professor Geim of the University of
Manchester in the United Kingdom used the “Scotch-tape” method to
successfully separate graphene from graphite and transfer it to the
ruthenium oxide substrate. Due to Professor Geim’s achievement of the
pioneering experiment in two-dimensional graphene materials, he won the
2010 Nobel Prize in Physics.

2-1-4 Development of nanodiamond
Nanodiamond also has superior mechanical and thermal properties
[15-17]. It combined with the sumptuous surface chemistry of nanoscale
diamond particles, which make it an excellent filler material for
composites [18]. Substantial improvements have been reported in the
mechanical strength, wear resistance as well as adhesion and thermal
conductivity of polymers on the addition of nanodiamond. In the past, the
hardness property of diamonds makes many abrasive products suitable for
4
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producing a layer on the surface of alumina. It is also the property of
hardness that people are used to ignoring the high thermal conductivity of
diamond. The moderate addition of nanodiamond on to the alumina matrix
is expected to increase the overall thermal conductivity sharply. Diamonds
and alumina do not react to compounds during sintering. Unfortunately, an
excess fraction (over 5 vol%) of nanodiamond acts as a remarkably
effective boundary pinning role in alumina throughout a wide sintering
temperature range from 1200 up to 1700℃ [19].

2-1-5 Chemical properties and physical properties of nano-carbons
Due to the physical properties of carbon nanotubes, graphene, and
nanodiamonds are applied in the industry, including supercapacitors, light
transmitting touch panels, and so on [20-22]. However, it is still a research
and developing the product at the laboratory test, and the products are yet
to be mass-produced and widely used.

5
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2-2 Nanocomposite
2-2-1 Brief introduction of nanocomposites
The composite material is an industrial material where it’s
performance can be designed by human-made design. By selecting the
composition of each component phase as well as mixing ratio and interface
bonding type, the performance of the composite material can be adjusted in
a wide range, and can also be specified. The material is given a
predetermined property in the direction, and its performance may exceed
the contribution of its composition to the material properties. It’s not
processed entirely by the volume fraction. The composite material can
even produce new features that the original structure does not have. When
using the design ability of the composite material, it could combine many
physical properties into ideal synergies including strength, rigidity,
toughness, density, thermal insulation, insulation, wear resistance, thermal
shock resistance, thermal fatigue resistance and so on.
Nanocomposites significantly increase the strength and can
effectively improve the toughness to increase the reliability of ceramic
materials [23]. Nanocomposites mainly strengthen the substrate phase by
enhancing the microstructure. In the traditional ceramic process, the
nanoparticle phase is uniformly dispersed in the base material, and the
sintering conditions are controlled during the densification process to grasp
the microstructure in order to reach the desired mechanical properties.
According to the strengthening phase in the substrate, the distribution

6
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pattern is different, and it is divided into four different types of
nanocomposite ceramics showed in Fig. 2-1.
(1) Intra-type: The second phase is dispersed in the crystal grains of the
substrate. When the nanocomposite material of this form is broken, the
substrate mostly exhibits a transgranular fracture mode. In the
meantime, high strength properties are obtained.
(2) Inter-type: The second phase is dispersed in the grain boundary of the
substrate. When the nanocomposite material of this form is broken, the
substrate mostly exhibits an intergranular fracture mode. Due to the
increase of the crack transmission path, the damage energy can be
reduced, and the toughness can be effectively improved.
(3) Intra/inter- type: The second reinforcement is distributed in the grains
and the grain boundaries of the substrate at the same time. Therefore,
the mechanical properties of the composite material are between the
above two forms.
(4) Nano/nano-type: The second phase is similar to the particle size of the
substrate phase and belongs to the grain size of the nanometer. The
primary purpose of this composite is to add new functions such as
machinability and superplasticity, like metals to ceramics [23].
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Fig.2-1 the Classification of ceramic nanocomposites [23]

2-2-2 Characteristics and advantages of alumina nanocomposite
Alumina is the most widely used and easy-to-use ceramic material.
But its inherent brittleness makes its mechanical properties poor which
limits its development and application functions. In view of the
development of nanotechnology, if the second phase nanoparticle can be
added on the grain boundary or in the grain of alumina, the mechanical
properties of the substrate or grain boundary will be improved, including
strength, toughness as well as high-temperature properties and so on.

8
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In addition to strengthening toughness, alumina is often used in the
electronics industry as a component substrate. Therefore, in addition to
improving toughness, alumina composites are also the focus of the next
stage of improvement and emphasis.

2-3 Pulsed Electric Current Sintering
2-3-1 Principle of PECS
The PECS principle is that a local high-temperature state is
instantaneously generated due to a spark discharge occurring in a gap or at
a contact point between particles [24-27]. It results in evaporation or
melting on the surface of the particles and neck formation, which
significantly increases the rate of diffusion and leads to higher
densification. In addition to the high local temperature, the externally
applied pressure contributes to the rearrangement of the particles and the
destruction of the agglomerates. Moreover, it increases the driving force
for sintering.

9
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2-3-2 Applications and advantages of PECS
The most significant advantage of using PECS sintered ceramic
specimen is that the sintering time could be significantly shortened and the
densification

would

be

achieved

much

easier.

The

time

for

high-temperature sintering could be reduced from several hours to several
minutes by the fast heating rate (600℃/min). An additional benefit is that it
could avoid damage to the specimen caused by a high-temperature
environment where the sample is exposed for an extended period.

10
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2-4 Introduction to material properties test methods
2-4-1 Density
As porosity increases, hardness and strength decrease. While the
relationship between hardness and strength could be inferred according to
the density value. Thus, the density is the most commonly measured
property of ceramic properties. Besides, it can be used as a sintered
compact; the hardness and strength of the material could be derived from
the porosity (see Fig.2-2). The experiment is simple, as well as convenient,
and it does not require highly complicated equipment. Density could
usually be divided into four types:
(1) Theoretical Density( or True Density):
(2) Bulk Density
(3) Apparent Density
(4) Relative Theoretical Density

 Measurement method
(1)The specimen was first placed in a 150℃ oven to remove all the moisture
in the pores and then to be dried. After that, the weight was recorded as
W1.
(2)After boiling deionized water, the specimen was allowed to sink below
the surface of deionized water, but not to contact the beaker wall. The
sample was heated for half an hour and then cooled in water for one hour.

11
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(3)The specimen was immersed in water and took out where its surface was
slightly dried, and the weight was recorded as W2.
(4)The specimen suspended in water and the weight was recorded as W3.
(5)According to the experimental principle, it could be calculated:
- Specimen volume V= W2 - W3
- Open pore volume = W2－W1
- Solid volume = W1－W3
- Apparent porosity P = (W2－W1) / V*100
- Water absorption rate A = (W2－W1) / W1*100
- Apparent density T= W1/( W1－W3)
- Bulk density = W1 / V

Open pore
Closed pore

Fig.2-2 Schematic drawing of open pores and closed pore of ceramic
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2-4-2 Scanning Electron Microscope (SEM)
By using a focused electron beam, Scanning Electron Microscopy
(SEM) scans the surface of the sample point by point. The electron beam
interacts with the specimen to generate various physical signals (including
backscattered electrons, secondary electrons, etc.). These signals are
received, amplified by the detector and are converted to electronic signals.
Finally, it displayed an image of various features on the surface of the
sample on the screen. The SEM has a significant depth of field, sharp
stereoscopic image, broad magnification range, continuous adjustment of
magnification, high resolution, ample sample chamber space, and most
importantly, its sample preparation is quite simple. Unlike TEM
observation samples, they require complicated processing procedures.
Therefore, the SEM is the most effective analytical tool for surface
research of samples.
The electron beam source can be divided into a field emission
electron source (field emission), and a thermal electron emission source
(using W, LaB6 as a filament to emit an electron beam after heating). While
the electron beams current density of the field emission electron source is
higher, and it also provides better image quality.

2-4-3 Raman spectroscopy
Raman spectroscopy is a spectroscopy method that uses light
scattering to measure molecular vibrations [28-29]. It is used to analyze the
interaction of the phonon with the light generated in the sample.
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Illuminating the laser light onto the molecule or crystal leads to energy
exchange between the incident photon and the dielectric molecule.
Therefore, the frequency of the scattered light has changed after reflection.
By the inelastic collision process, the incident photon in an experimental
apparatus will be excited and will lose or get one phonon energy. Change
of the frequency between the incident light and the scattered light could be
regarded as the energy exchange between the incident photons. It is related
to the structure of the medium, the scattering molecule, the bonding, the
vibration energy level, and the rotational energy level. Raman spectroscopy
has been widely used in the analysis of related carbon materials, such as
graphite, carbon nanotubes (see Fig. 2-3) with the advantage in fast, high
resolution, non-destructive performance.
At present, Raman Spectra is the most common way to identify the
graphene layer number, and it is a method to use the physical phenomenon
in G'-band (also known as 2D band) phonon oscillation. In the graphene
sample, the above phenomenon of phonon oscillation is related to the
electrical structure of graphene. So the G'-band is very sensitive to changes
in the electronic band structure, and the band structure is altered by the
graphene layer–layer interaction [30]. Raman spectroscopy is very
sensitive to the number of graphene layers. The spectral difference between
single-layer graphene and multi-layer graphene could be analyzed by
Raman spectra. Therefore, the number of graphene layers could be
distinguished by the displacement and the width of G'-band. (see Fig. 2-4
for details)
14
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Fig.2-3 Raman spectra from different types of sp2 nanocarbons [28]
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Fig.2-4 Raman spectra from different layers of graphene [30]
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Chapter3

Experimental procedures

This study focuses on the effects of the addition of graphene, carbon
nanotubes, and nanodiamonds on the properties of alumina composites. The
experimental scheme is shown in Fig. 3-14. There are four sets of different
proportions of carbon nanotube/graphene/nanodiamond-alumina specimen used.
Besides, pure alumina specimens were sintered respectively at 1350°C, 1400°C,
and 1500°C as a control group (see Table 3-1 for ingredients). The paragraph
introduces the following fields: the mixing preparation of alumina powder, the
green compact production, PECS, specimen grinding, and instrument analysis.
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CNT

graphene

nanodiamond

vol%

wt %

vol%

wt%

vol%

wt%

-

-

-

-

-

-

0.88

0.5

Adding CNT @ alumina

1.8

1

nanocomposite

3.5

2

8.5

5
0.88

0.5

Adding Graphene @

1.8

1

alumina nanocomposite

3.5

2

8.5

5
0.57

0.5

Adding nanodiamond @

1.1

1

alumina nanocomposite

2.3

2

5.6

5

Pure alumina

Table.3-1 Composition of the specimens
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3-1 Experimental design
3-1-1 Starting materials
At the present work, this study used a high purity of 99.99% α-Al2O3
powder (TM-DAR, Taimei Chemicals Co., Japan,). The average particle
size of the powder was 0.2 μm, and its surface area was 14.5 m2/g. The
physical properties of the alumina powder used in this study are shown in
Table 3-2 for details.
Graphene and carbon nanotubes are supplied by Ritedia Co., Ltd.,
and the microscopic images of graphene and carbon nanotubes are shown
in Fig. 3-1, 3-2. The graphene was produced with a nickel-plating method
shown in Fig. 3-3 [31]. This method involved the heating of nickel
substrate to a temperature below its melting point under vacuum. Graphite
source was also heated to allow the carbon dissolve in nickel. During
cooling, graphene was formed on the surface of the nickel substrates.
The nanodiamond (DND) is formed in closed chambers during the
detonation of a mixture of explosives such as trinitrotoluene (TNT) and
hexogen (RDX), where supersaturated carbon vapor from the explosives
are condensed into liquid droplets. Following that, the liquid droplets are
crystallized to form diamond particles as the pressure and temperature drop.
The average particle size is 20 nm.
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TM-DAR

Taimei Chemicals Co., Japan

Remarks
Crystalline form
B.E.T. Specific

Alpha

m2/g

14.5

µm

0.10

Bulk density

g⁄cm³

0.9

Tapped density

g⁄cm³

1.0

Pressed density

g⁄cm³

2.3

Sintered density

g⁄cm³

3.96

surface area
Primary particle size

measured by
SEM

uniaxial press
at 98MPa
1350˚C for
1Hr. in air

Table.3-2 Physical properties of commercial alumina powder
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Fig.3-1 Morphology of graphene sheets used in the present study

Fig.3-2 Morphology of MWCNT used in the present study
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graphite

Ni-plate

鎳
板
鎳

Molding

板

Fig.3-3 Schematic drawing of large-area few-layers graphene producing
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3-1-2 Preparation of alumina/CNT、graphene nanocomposites
 Slurry preparation
At present, there is no related research on the addition of
graphene-based nanocomposites to alumina, and no associated papers
related to preparing specimen by tape casting have been published. In this
study, it is the first experiment that obtained densely sintered alumina
nanocomposites by using the procedures of slurry, doctor blade formation,
green tape lamination as well as degreasing and drying, and finally the step
of PECS sintering (showed in Fig. 3-4). Firstly, the graphene is uniformly
dispersed in the water using a surfactant to avoid agglomerate, and then the
alumina powder is slowly added to the slurry to be regularly stirred and
dispersed, following it, a 10 wt% concentration of PVA is added to increase
the overall consistency of the solution. The step of forming the blade is
carried out smoothly.

 Mixing and specimen molding
The prepared slurry is passed through a screen to form a green
specimen on a transparent slide (about 70 μm thick after drying), and then
it was divided into 12 mm discs by a die. Following that, 50 discs are
stacked together, and then there was slight pressure applied to make the
raw specimen tightly joined together and dried in the air thereafter.
Because the ceramic green compact contains a polymer additive such as a
dispersant, it is not conducive to the sintering densification process during
the sintering process. Therefore, it is necessary to lose the high molecular
23
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substance (PVA) by using the de-esterification method. The degreasing
treatment was carried out at 400℃/8 hours, and during the degreasing
process, the experimental conditions were well controlled, and the ceramic
green specimen was not broken.
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Fig.3-4 Flow chart of green compact producing processes
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 Thermal processing
Dense composites were prepared by Pulsed Electric Current
Sintering (PECS, Dr. Sinter 515S, Sumitomo Coal Mining Co., Japan)
under a uniaxial pressure of 50 MPa. Sintering equipment is shown in Fig.
3-5. The process started by heating to 400℃ and kept at the temperature
for 5 min. The densification was carried out at 1500℃ with a heating rate
of 100℃/min. The dwell time at 1500℃ was 10 min (see Fig. 3-6). Several
alumina specimens were also prepared by PECS at 1350℃or at 1500℃.
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Fig.3-5 (a) PECS equipment; (b) PECS equipment in heating

20 min

Fig.3-6

PECS firing process
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3-1-3 Preparation of alumina/nanodiamond nanocomposites
The homogeneous alumina-nanodiamond mixtures were dispersed in
water with the help of a dispersant D305. The slurries were dried at 60℃.
The dried powder is directly placed in a graphite mold and is then
densified.
To obtain the best densification of the specimens, the sample of this
group was also firing by Pulsed Electric Current Sintering (PECS, Dr.
Sinter 515S, Sumitomo Coal Mining Co., Japan), and the entire sintering
process was carried out under vacuum.

3-1-4 Sintered specimen machining
After sintering, the appearance of the specimen is as shown in Fig.
3-7. The surface layer of the sample acts at a high temperature with the
graphite mold of PECS to produce a black dense, hard shell layer (see Fig.
3-8), which cannot be polished with SiC abrasive paper. The hard shell
surface could be removed by a diamond-grinding disc of Chemical &
Mechanical Planarization (CMP), and the sample is cut into a size of 10
mm × 10 mm by using a Low-Speed Saw and a diamond blade. The
sample is slowly ground with different types of sandpaper (including
400-grit, 600-grit, 800-grit, and 1200-grit). Finally, the step of polishing
was carried out with a polishing cloth and 9 μm, 3 μm as well as 1 μm
Monocrystalline Diamond Suspension to obtain a smooth mirror surface
for subsequent experiments.
28
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Fig.3-7 Morphology of graphene/CNT/nanodiamond
nanocomposite sintered specimen

-

alumina

1 cm

Fig.3-8 Cross-section morphology of pure alumina sintered specimen
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3-2 Physical property testing
3-2-1 X-ray diffraction analysis
The phase in composites was identified by using X-ray diffraction
(XRD, TTRAX III, Rigaku Co., Japan) equipped with Cu Kα radiation
（λ=1.5406 Å）with a step size of 0.01° 2θ and a scan rate of 6° per min.
The scanned data is converted into a pattern by the drawing software, and
then the standard database of JCPDS card (Fig. 3-9 is the alumina
diffraction peak data) and the previous research papers are compared to
determine the crystal phase. The characteristic peaks of the characteristic
crystals of alumina and the characteristic peaks of possible impurities are
removed.
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Fig.3-9 XRD - JCPDS chart of alumina

3-2-2 Density measurement
The density of the sintered specimen was measured by the
Archimedes' method. The sample was first dried in a dry box for 24 hours.
After taking out, the dry weight of the sample in the air was weighed, and
the sample was weighed in deionized water. The weight is W2 (refer to Fig.
3-10), and the apparent density of the sintered body can be calculated
according to the following formula.
W1
Apparent Density D =
W1-W2
The relative density is obtained by dividing the apparent density by
the theoretical density.
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Fig.3-10 Electronic balance for measuring the weight of the sample in the
water
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3-2-3 Microstructure observation
A field emission scanning electron microscope (FESEM, NOVA 450,
FEI Co., USA) was used to observe the morphology of fracture surfaces.
The instrumental device is as shown in Fig. 3-11. The SEM is used with
the Mapping function of Energy-dispersive X-ray spectroscopy (EDS) to
analyze the elemental composition of each phase in the microstructure.
Moreover, before the specimen is observed by SEM, the surface is coated
with a layer of platinum (Pt) by using an ion coater to avoid the
space-charge effect caused by the non-conductivity of the ceramic sample.
The ion coater is setting with current 20 mA and working time 180 seconds
to prevent blurring of the image due to the space-charge effect when
observing the microscopic image.
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Fig.3-11 Field-emission scanning electron microscope equipment

3-2-4 Thermal conductivity measurement
The thermal diffusivity and heat capacity of metals, graphite,
coatings, composites, ceramics, polymers, and other materials were
measured with a flash method (LFA 447, Netzsch Co., Germany). The
specimen is cut into a size of about 10 mm × 10 mm (adjusted according to
the size of the specimen holder), and the thickness of the specimen was
about 3 mm. Since the thickness of the sample is of significant on the
experimental results, it was specifically measured by a thickness gauge
(Mitutoyo, Japan of Japan Mitutoyo Instruments Co., Ltd.)
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Before heat measurements, the top and bottom surfaces of all
specimens were sprayed with a thin layer of carbon to minimize the
radiative heat transport. The front surface of the sample was heated by a
high-performance Xenon flash lamp. After monitored by an infrared
detector, the resulting temperature of the sample surface rose. As it is
shown in the temperature-time curve, the thermal diffusivity along the
PECS pressing direction was determined. The experiment controls the
various temperature of samples for measurement ranged from 25°C to
300°C, with an interval of 25°C as a measurement point, each
measurement point is measured ten times and then averaged. This
experiment (see Fig.3-12、3-13) is mainly operated with ASTM E-1461
standard, and the thermal conductivity κ and the specific heat capacity Cp
are obtained by the following formula:
𝜅 = 𝛼 × 𝜌 × 𝐶𝑝

(1)

where，κ：thermal conductivity (W/mK)
α：thermal diffusivity (mm2/s)
ρ：bulk density (g/cm3)
Cp：specific heat capacity ( J/gK )

35

doi:10.6342/NTU201902458

Fig.3-12 Nano-Flash thermal conductivity analyzer

Fig.3-13 Sample holder of thermal conductivity analyzer
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3-2-5 Conductivity test
Since the pure alumina sintered specimen is not electrically
conductive, it would not be able to build a dense network if the addition of
the best conductive CNT, graphene or nanodiamond isn’t enough (less than
5% by weight). Therefore, sintered specimens with CNT, graphene, or
nano-diamonds would be still non-conductors. The resistance value can be
measured by a simple volt-ohm-milliammeter (TES 3010 Digital clamp
meter). The surface of the sample is first ground with 1000 grit sandpaper
to remove the foreign substances on surfaces, and then two points are
measured on the surface of the sample with a three-meter electric meter.
Besides the resistance value is also measured separately on the upper and
lower parallel faces, the results show that these are all non-conductive.
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Powder mixing
+ Graphene
+ CNT

+ Nanodiamond

Tape casting
Powder Drying
Debinder

Firing process (PECS)

Sample preparation
Density (Archimedes’ method)
Phase identification (XRD)
Microstructure observation
(FESEM)

Thermal analysis
Electrical analysis
Fig.3-14 Flow chart of the experimental procedure
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Chapter 4 Results
4-1 Alumina-CNT/graphene nanocomposite
4-1-1 Microstructure Analysis and EDS of green tapes
In this experiment, alumina was used as the substrate, and 0.8 vol%,
1.8 vol%, 3.5 vol%, and 8.5 vol% graphene or carbon nanotubes were
added, and then sintered by PECS. The starting materials include alumina
powder (TM-DAR, Daming Chemical), and the average powder particle
size is about 0.2 μm; the sample adds a few layers of graphene, and the
pure graphene shows a sheet structure under SEM observation. Each sheet
structure has a size of about 1 μm.
After the green compact was dried, the cross-section of the green
compact was observed by SEM showed in Fig. 4-1. Even if the sample has
been added to 8.5 vol% graphene, the SEM observation shows that the
sample holds a uniform distribution of alumina, and graphene has no
particularly visible agglomeration.
The green compact is mixed and produced in the medium-low
temperature process. We can see from the SEM and the green compact
after the debinding process, the independent and dispersed CNTs still exists
(see Fig 4-2 for details). The heating temperature does not affect the
structure of the CNT.
The morphology of the crystal grains in the green compact was
observed by SEM, and it was examined whether the added graphene and
39
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the carbon nanotubes were uniformly distributed green compact, and the
atoms were transmitted through the EDS mapping function shown in Fig.
4-3. The distribution of the slurry was examined in the case of slurry
mixing, and there was no local component dense phenomenon in the green
compact, indicating that there was no apparent CNT and graphene
agglomeration before sintering.
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Fig.4-1 Cross-section morphology of Alumina+8.5 vol% CNT green compact

CNT

Fig.4-2 Isolated CNT in the cross-section morphology of Alumina+8.5 vol%
CNT green compact
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Fig.4-3 EDS mapping for a cross-section of alumina+8.5 vol% CNT green
compact
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4-1-2 Sintering temperature planning
According to the Santanach study [32], when the pure alumina is
sintered by the PECS method with the sintering temperature is above 1300
°C, it could achieve densification shown in Fig. 4-4.

Fig.4-4 Previous studies of PECS firing temperature[32]

Subsequently, when added CNT and Graphene specimen in this
experiment, since the specific surface area of CNT and graphene is large, a
small amount of additional accounts for a considerable volume fraction.
Therefore, it is necessary to increase the sintering temperature to ensure a
reasonable performance of sintering, and thus, the sintering temperature is
increased to 1500 °C. Subsequent experimental results also show that the
addition of CNT and graphene makes densification difficult to achieve;
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hence, it is necessary to increase the sintering temperature in the alumina
nanocomposite.
Besides, when the initial raw material is mixed, about 10% PVA is
added to assist the blade forming process. As we know that PVA is easy to
form agglomeration, in order to avoid the possibility of PVA residue after
the specimen is sintered, there are procedures that should be operated as
follows: After the green compact is stacked, the specimen was heated to
400℃ at a rate of 0.5 C/min, and the temperature was maintained for 8
hours for debinding. Following that, the color of the sample is white;
therefore, there should be no carbon residue or only a minimal amount of
carbon residue on it. In addition, sintering at 600℃ for 5 min by PECS
should be able to effectively burn off the PVA residue (boiling point is 228
℃).

4-1-3 Density of nanocomposite
The density measurement results of the sintered specimens are shown
in Table 4-1. A further result of the density will be analyzed later in this
study. The theoretical density is calculated to be 2.25 g/cm3 for graphitic
and 3.98 g/cm3 for alumina powder [33].
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Sample

Alumina, fine grained

Bulk density

Theoretical

3

(g/cm )

density

3.82

Relative
density (%)

Sintering
temperature

95.98

1350℃

97.74

1500℃

3.98
Alumina, coarse grained

3.89

Alumina + 0.88 vol% CNT

3.88

3.96

97.86

1500℃

Alumina + 1.8 vol% CNT

3.82

3.95

96.74

1500℃

Alumina + 3.5 vol% CNT

3.73

3.92

95.17

1500℃

Alumina + 8.5 vol% CNT

3.55

3.83

92.62

1500℃

Alumina + 0.88 vol% graphene

3.87

3.96

97.61

1500℃

Alumina + 1.8 vol% graphene

3.83

3.95

96.99

1500℃

Alumina + 3.5 vol% graphene

3.76

3.92

95.93

1500℃

Alumina + 8.5 vol% graphene

3.59

3.83

93.66

1500℃

Table.4-1 the bulk density and the relative density of the sintered specimens
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4-1-4 Phase identification
Fig. 4-5 、 4-6 shows XRD patterns of sintered alumina
nanocomposites samples with different additives. There is a specific peak
at 26.6° in the XRD pattern [34-35] when the only graphene was added to
the sintered specimens. That indicates a highly organized crystal structure
with an interlayer spacing of 0.34 nm, which is equal with the layer
spacing of regular graphite. It’s probably because the interlayer spacing of
the few-layer graphene has a structure similar to the regular graphite [6].
We make sure that there is some few-layer graphene in the sintered
nanocomposites. That would bring influence to the thermophysical
properties of the sintered specimens.
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Fig.4-5 XRD patterns of alumina, alumina-graphene nanocomposites

Fig.4-6 XRD patterns of alumina, alumina-CNT nanocomposites
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Fig.4-7 Raman spectra of alumina-1.8 vol% graphene green compact and sintered
bulk, respectively

Fig.4-8

Raman spectra of sintered alumina-graphene nanocomposites
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Fig.4-7 shows the Raman spectra that correspond to the alumina-1.8
vol% graphene nanocomposites before and after sintering by PECS.
Raman spectroscopy is very sensitive to the number of graphene layers.
Therefore, the number of graphene layers could be distinguished by the
displacement and the width of G'-band [30]. After sintering, the peak of the
G’ band is slightly moving to the right. That means the layers of graphene
in the nanocomposite in increased. Due to the growth of alumina grains,
the graphene is transferred by the alumina grain boundary to form a
graphene aggregate.
Fig.

4-8

shows

the

Raman

spectra

of

alumina-graphene

nanocomposites samples. There is indeed some defective graphene in the
nanocomposite by the characteristic peak D band, G band, and D’ band
[28]. However, we cannot rule out that these characteristic peaks are
affected by carbon infiltration from the graphite die.
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4-2 Alumina-nanodiamond nanocomposite
4-2-1 Green compact and sintering
This study employs the following approaches. High purity
99.99%An alumina powder (α-Al2O3, TM-DAR, Taimei Chemicals Co.,
Japan,) with a purity of 99.99% was used in the present study. The mean
average particle size of the powder was 0.2 μm, and its surface area was
14.5 m2/g. The nanodiamond (DND) is formed in closed chambers during
the detonation of a mixture of explosives such as trinitrotoluene (TNT) and
hexogen (RDX), where supersaturated carbon vapor from the explosives
are condensed into liquid droplets. Following that, the liquid droplets are
crystallized to form diamond particles as the pressure and temperature drop.
The average particle size is 20 nm. The nanodiamond (DND) is formed
during the detonation of a mixture of explosives such as trinitrotoluene
(TNT) and hexogen (RDX) in closed chambers, where supersaturated
carbon vapor from the explosives condense into liquid droplets, which
crystallize to form diamond particles as the pressure and temperature drop.
The average particle size is 20 nm. The amount of added nanodiamond
added was 0.5, 1, 2, and 5 wt% respectively, which was corresponding to
0.57, 1.1, 2.3 and 5.6 vol%, respectively.
In the present study, the homogeneous alumina-nanodiamond
mixtures were dispersed in water with the help of a dispersant D305 first.
The slurries were dried at 60 ℃ , and the resulting powders were
consolidated by pulsed electric current sintering (PECS, Dr. Sinter 515S,
50

doi:10.6342/NTU201902458

FUJI ELECTRONIC INDUSTRIAL CO., LTD.). The graphite dies are
used under a uniaxial pressure of 50 MPa during sintering processes. The
process was heated from 600ºC room temperature for 5 minutes and then
heated to 1400ºC for 10 minutes. After sintering, the specimens were
ground with a diamond pad and diamond paste in order to complete
measurement and analysis.

4-2-2 Density of nanocomposite
The density of the alumina-nanodiamond composites was measured
by the Archimedes water immersion method. The relative density was
calculated by using 3.98 g/cm3 as the theoretical density for alumina and
3.5 g/cm3 for diamond.
The measured densities of the samples as a function of nanodiamond
concentrations are listed in Table 4-2. Nevertheless, all sintered samples
showed high densification within a broad range, from 99.6% to 91.7%.
However, a gradual decrease in the density of alumina-nanodiamond
composite was recorded with the increasing nanodiamond concentrations.
Kume et al. proposed that diamond and alumina are sintered by HIP/HOP
method, and the relative density of 5% added diamond is maintained above
90% [36]. The experimental results fully support the earlier report.
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Amount of
nanodiamond /
vol%

PECS
temperature /
°C

Relative
density / %

Grain size /
μm

Thermal
conductivity @
25°C / W/mK

0

1400

98.7

~ 0.5

27

0.57

1400

99.6

~1

32

1.1

1400

97.1

~2

29

2.3

1400

94.7

~2

27

5.6

1400

91.7

~1

17

Table.4-2 Microstructural characteristics and thermal conductivity for the
alumina-nanodiamond composites prepared in the present study.

4-2-3 Phase identification
Figure 4-9 shows the XRD patterns of the alumina-nanodiamond
composites. When added nanodiamond samples of different compositions
and sintered at 1400 °C by PECS, the characteristic peaks showed the
crystallization position of alumina. With the addition of nanodiamond, the
diamond [111] and alumina [113] peak position is very close. As the
composition increases, the mixing diffraction peaks of the alumina [113]
plane and diamond [110] plane (near 44°) shift slightly to its right-hand
side. The overlapping peak is separated to obtain two characteristic
diffraction peaks of alumina and diamond, respectively. In addition, the
crystalline structure of alumina is corundum, and graphite displays a sharp
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peak at 26.6° [34-35]. Apart from corundum and nanodiamond, no
diamond-to-graphite conversion could be detected in any of the x-ray
diffraction patterns of the composites.

Fig. 4-9 XRD patterns of the alumina-nanodiamond composites sintered at 1400 ℃
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Chapter 5

Discussion

5.1 Characteristic of adding carbon nanotubes to alumina
nanocomposites
5.1.1 Effect of microstructure of alumina-CNT nanocomposites
The specimen was prepared by initial powder agitation, doctor blade
forming, lamination drying, and PECS sintering. The EDS was used as the
composition mapping. Fig. 5-1 shows the alumina nanocomposite with 1.8
vol% CNT added. The experimental results show that the distribution of
aluminum atoms and oxygen atoms is relatively average, while the content
of carbon is relatively low, which is less obvious. If the content of some
regions is below the lower limit, the reflected electrons will not be enough
to show bright spots. However, the results can be seen from the EDS
results. The alumina composite sintered specimen has no significant
agglomeration phenomenon, and the specimen production method is quite
successful and feasible.
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C

O

Al

Fig.5-1 EDS mapping of alumina + 1.8 vol% CNT
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 Effect of CNT addition on grain size
PECS dramatically contributes to the densification of sintering.
According to the previous study [7], in the case of slow sintering of general
heating equipment, the relative density decreases sharply with the increase
in the content of carbon nanotubes. For example, the relative density is
only 79.5% for a composite of 10 vol% carbon nanotubes. In addition to
the effect of the carbon nanotubes, densification may be affected by
temperature gradients within the sample itself due to heat transfer from the
heating element to the center of the sample. In contrast, the relative density
of the composite that is rapidly hot-pressed by sintering can be only
slightly reduced.
That can be attributed to a hot press sintering method, which can
quickly reach a rapid sintering temperature and minimize the temperature
gradient between the graphite mold and the sample. Besides, the use of
current through the graphite mold and partially through the green compact
during sintering can produce a remarkable effect. The ceramic/CNT
composite can be sintered to approximately theoretical density by an
electric field-assisted sintering process such as PECS.
The decrease in the density of the sintered specimen may be
attributed to the CNTs on the grain boundaries, which hinder the progress
of densification. It is because CNTs drag the grains [37-39], delay the grain
movement and the flow of the substrate. Meanwhile, it also leads to
different changes in microstructure. For the distribution of CNTs in the
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substrate, the subsequent study of grain size and microstructure defects can
explain the effect of sintering of alumina/CNT composites on
microstructure.
If the dopant such as CNT is small enough, then the dopant will be
dragged away by the grain boundary of alumina during the grain growth
stage, and will not affect the grain growth of alumina [40-41]. The added
CNTs are tubular and have a relatively large specific surface area, so that
entanglement is apt to occur, which affects the grain growth of the alumina.
The PECS sintering process is carried out at 1500 °C with pure
alumina and also with the addition of 0.88 vol%, 1.8 vol%, 3.5 vol% as
well as 8.5 vol% CNT nanocomposite to the alumina. Fig. 5-2 to Fig.
5-6 showed the fracture surface with different composition components
sintered at 1500 °C.
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Fig.5-2 Fracture surface of pure alumina sintered specimen at 1500℃

transgranular

fracture

Fig.5-3 Fracture surface of alumina-0.88 vol% CNT nanocomposite
sintered at 1500℃
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Fig.5-4 Fracture surface of alumina-1.8 vol% CNT nanocomposite
sintered at 1500℃

Fig.5-5 Fracture surface of alumina-3.5 vol% CNT nanocomposite
sintered at 1500
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Fig.5-6 Fracture surface of alumina-8.5 vol% CNT nanocomposite
sintered at 1500℃

It can be observed from Fig. 5-2 that when the pure alumina
specimen is sintered, the grain growth stage is not hindered and the
average alumina powder particle size is about 0.1-0.2 μm. Moreover, and
the grain growth wasn’t obstructed during the sintering process, and its
final average is about 3μm. The average grain size of the CNT added
specimen was only 1 μm. The relative density also dropped from 97.8% to
92.6%. The refinement of the bulk microstructure and the grain size are
quite uniform. There are no crystals with particular heterogeneous growth,
which can be attributed to the excellent preparation of the green compact,
the equal distribution of CNTs on the grain boundaries, not mainly
concentrated in a specific area.
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 Effect of CNT Addition on Grain Facet of Alumina Nanocomposites
In addition to the grain size, the grain shape in the composite is also
affected by the CNT's crystalline phase concerning alumina. On the
fracture surface of the monolithic alumina, facets having sharp edges can
be seen in each of the crystal grains, which is the main feature of the pure
alumina trigonal system (α-Al2O3). It can be observed in Fig. 5-2 that each
alumina grain has a sharp facet. Fig. 5-3 shows that the nanocomposite
with only 0.88 vol% CNT added has a considerable influence on the
crystallinity of alumina grains after sintering at 1500℃and the facets of
alumina grains become unclear. Many of them contain blunt edges, which
show that even if CNTs do not form chemical bonds with alumina, they
hinder the growth of alumina grains and affect the crystallinity of alumina
recrystallization.

 Effect of CNT Addition on the Fracture Surface of Alumina
Nanocomposites
It is observed from Fig. 5-2 that the fracture surface of the pure
alumina specimen is a distinct intergranular fracture mode, and each crystal
grain remains reasonably intact. After the addition of CNTs, the fracture
mode changes to the coexistence of intergranular and transgranular fracture
mode [42]. From Fig. 5-3, the cross-section is reasonably smooth. After
0.88 vol% of CNTs are added, the grain boundary bonding gets stronger.
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As the strength increases, the specific alumina crystal grains directly
rupture, resulting in transgranular cracking. The toughness of alumina
composites can be improved [43-45].
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5-1-2 Effect of thermal conductivity of alumina-CNT nanocomposites
Regarding the thermal conductivity of alumina composites, this
experiment uses a flash thermal conductivity analyzer to conduct tests, in
which the thermal diffusivity and specific heat are measured by instrument
operation, and the thermal conductivity is calculated by the formula. The
other specific heat measurement is obtained by comparing the actual
temperature rise of the sample with the temperature rise of the known
specific heat standard sample, indicating the heat storage capacity of the
material.
In this experiment, 0.88 vol%, 1.8 vol%, 3.5 vol%, and 8.5 vol%
CNT were added to the alumina substrate, and there are two control groups:
the first one is a pure alumina substrate including 1350℃ of sintering (the
crystal grains were small), and the other one is a pure alumina substrate
sintered at 1500℃ (large crystal grains). The temperature of the test piece
base measured by the flash method is from 25 to 300℃, so that the
simulated composite material may face the actual working temperature in
the future, ensuring the thermal conductivity of the material at
medium-high temperature (300℃). There will be no rapid deterioration.

Fig. 5-7, 5-8 can be summarized that adding a small amount of CNT
can significantly increase the thermal conductivity, but the thermal
conductivity decreases as the amount of CNT increases. In particular, when
added the excess amount of CNT (addition of 8.5 vol%), it led to lower
thermal conductivity. It can be said that the excess amount of MWCNTs
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results in the formation of carbon-rich regions in the boundaries to affect
the densification and heat transfer of the sintered samples.

Thermal diffusivity / mm2/s

(a)

Specific heat capacity / J/gK

(b)

Fig.5-7 Experimental data for (a) thermal diffusivity and (b) specific heat
capacity of alumina-CNT composites as a function of measurement
temperature.
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Fig.5-8 Calculated thermal conductivity of alumina-CNT composites as a
function of temperature

It is shown in Fig. 5-9 that the thermal conductivity of CNT-alumina
composites with different compositions is linear with the reciprocal of the
measured temperature, indicating that the carrier of heat conduction is
phonon regardless of pure alumina or composite [9]. The primary
mechanism of heat transfer in alumina-based ceramics is the vibration of
the alumina lattice. Therefore, the thermophysical properties (thermal
diffusivity and heat transfer coefficient) depend mainly on the mean free
path of the phonons and the speed at which the sound passes through the
structure.
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Fig.5-9 Thermal conductivity of CNT-alumina composite as a function of 1/T
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5.2 Characteristic

of

adding

graphene

to

alumina

nanocomposites
5.2.1 Effect of microstructure of alumina-graphene nanocomposites
 A doctor blade forming process can obtain a uniform
composition of nanocomposites
The specimen was also prepared by initial powder agitation,
doctor blade forming, lamination drying, and PECS sintering. The EDS
was used as the composition mapping. Fig. 5-10 shows the alumina
nanocomposite with the addition of 8.5 vol% graphene. The experimental
results show that the distribution of aluminum atoms and oxygen atoms is
relatively average, while the content of carbon is relatively low, which is
less obvious. If the content of some regions is below the lower limit, the
reflected electrons will not be enough to show bright spots, but the results
can be seen from the EDS results. The alumina composite sintered
specimen has no significant agglomeration phenomenon, and the specimen
production method is quite successful and feasible, too.
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C

O

Al

Fig.5-10 EDS mapping of alumina + 8.5 vol% graphene
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 Effect of graphene addition on grain size
Compared with the traditional sintering technology, PECS can
shorten the sintering time from several hours to several minutes because of
the high heating rate and the application of extremely high pressure
(50Mpa). Fig. 5-11 shows the pure alumina sample sintered at 1500℃
with an average grain size of about 3 μm. Figure 5-12 shows a sintered
specimen of a 0.88 vol% graphene nanocomposite sintered at 1500℃ with
an average grain size of about 0.7 μm. The growth of Al2O3 particles
always accompanies densification. The second phase particles located at
the grain boundaries can hinder their movement and thus hinder the growth
of Al2O3 grains.
In the present study, a tape casting and laminating technique are used
to prepare the green compact. During tape casting, shear stress is applied
on the slurry to form a tape. No graphene agglomerates were observed
within the specimens after sintering. A previous study [46] demonstrated
that kaolin plates tended to lie down under the shear force during tape
casting. Many graphene sheets are also likely to lie down under the shear
stress within the green tape. After sintering, the graphene sheets mainly
locate between the alumina grains.
The alumina and graphene are inert chemically to each other. The
solubility of carbon in alumina is extremely low, as low as 260 ppm after
heating at 1600℃ for 30 min [47].
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The solubility of aluminum ions in graphene is expected to be even
lower. The graphene at the boundary between alumina grains thus acts as a
diffusion barrier.
As a consequence, the addition of graphene reduces the density and
grain size of alumina. Such retardation on the densification and grain
growth of alumina has also been reported for alumina–CNT composites
[6-9].

Fig.5-11 Fracture surface of alumina specimen sintered at 1500℃

Figures 5-12、5-13、5-14、5-15 show FESEM micrographs of fracture
surfaces of composites with the amount of 0.88, 1.8, 3.5, and 8.5 vol%
graphene, respectively. The FESEM analysis provided a wide area picture
of

the

composites

fractured

surfaces

showing

homogenous

alumina-graphene composites microstructures without graphene cluster.
70

doi:10.6342/NTU201902458

Fig.5-12 Fracture surface of alumina-0.88
nanocomposite sintered at 1500℃

vol%

graphene

Fig.5-13 Fracture surface of alumina-1.8
nanocomposite sintered at 1500℃

vol%

graphene
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Fig.5-14 Fracture surface of alumina-3.5
nanocomposite sintered at 1500℃

vol%

graphene

Fig.5-15 Fracture surface of alumina-8.5
nanocomposite sintered at 1500℃

vol%

graphene
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 Effect of Graphene Addition on Grain Facet of Alumina
Nanocomposites
In addition to the grain size, the grain shape in the composite is also
affected by the graphene's crystalline phase concerning alumina. On the
fracture surface of the monolithic alumina, facets having sharp edges can
be seen in each of the crystal grains, which is the main feature of the pure
alumina trigonal system (α-Al2O3). It can be seen in Figure 5-11 that each
alumina grain has a sharp facet. Figure 5-12 shows that the nano-composite
with only 0.88 vol% graphene added has a considerable influence on the
crystallinity of alumina grains after sintering at 1500℃. The facets of
alumina grains become unclear and clear. Many of them contain blunt
edges, which show that even if graphene does not form a chemical bond
with alumina, it hinders the growth of alumina grains and affects the
crystallinity of alumina recrystallization.

 Effect of Graphene Addition on the Fracture Surface of Alumina
Nanocomposites
In the figure, many fine particles can be observed on the surface of
the alumina, which should not be a polymer dispersant such as PVA.
Because of the high voltage and high concentration electron beam
irradiation, the PVA isn't left on the surface of the specimen during SEM
observation. The polymer dispersant should have been volatilized by
heating under high temperature. It is presumed that it should be platinum
(Pt) on the vapor deposition before SEM observation. Since the alumina
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substrate is an insulator, the addition of up to 8.5 vol% of conductive
graphene and carbon nanotubes (they are both excellent conductor) are still
not enough to form a conductive network. Therefore, to avoid the
phenomenon of charging during SEM observation, the platinum (Pt) is
dispersed on the surface of the alumina crystal grain.
Graphene is bridged between alumina grains. According to Porwal
[6], adding less than 5 vol% of graphene will not significantly affect the
densification behavior of the composite. A specimen in which 0.88, 1.8,
and 3.5 vol% of graphene were added by SEM observation showed no
particularly significant microstructure abnormality. Figure 5-16 shows a
sample with 1.8 vol% graphene added. It can be seen in the fracture surface
that graphene forms a bridging effect between the alumina grains, which
can increase the toughness of the specimen moderately.
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Fig.5-16 Bridging of the fracture surface for alumina-1.8 vol% graphene
composite sintered at 1500℃

Excess amount of graphene forms a local network at the grain
boundary. Figure 5-17 shows the addition of 8.5 vol% graphene specimen.
The graphene and alumina are evenly distributed in the green compact, and
no particular agglomeration is observed. After PECS, due to the growth of
alumina grains, small particles of alumina aggregate and grow. The grain
boundaries move rapidly, and there is less chemical bond between
graphene and alumina. Therefore, the graphene uniformly distributed
between the alumina particles is transferred by the alumina grain boundary
to form a local graphene hexagonal network.
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(a)

(b)

Fig.5-17 Carbon-rich zone of alumina-8.5 vol% graphene composite
sintered at 1500℃( (a) and (b) are the different magnification )
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5.2.2 Effect

of

thermal

conductivity

of

alumina-graphene

nanocomposites
In this experiment, 0.88 vol%, 1.8 vol%, 3.5 vol%, and 8.5 vol%
graphene were added to the alumina substrate, and there are two control
groups: the first one is a pure alumina substrate sintered in 1350℃(the
crystal grains were small), the other one is a pure alumina substrate
sintered at 1500℃ (large crystal grains). The temperature of the test piece
base measured by the flash method is from 25 to 300℃, so that the
simulated composite material may face the actual working temperature in
the future, ensuring the thermal conductivity of the material at
medium-high temperature (300℃). There will be no rapid deterioration.

From Fig. 5-18 and 5-19, the following conclusions can be drawn.
Adding a small amount of graphene (0.88 vol%) can significantly increase
the thermal conductivity, but the thermal conductivity decreases as the
amount of graphene increases. Therefore, it can be said that excess amount
of graphene causes a graphene segregation region to be formed at the
boundary, and the integral heat-transfer network connection is not
completed to affect the densification and heat transfer of the sintered
sample.
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Thermal diffusivity / mm2/s

(a)

Specific heat capacity / J/gK

(b)

Fig.5-18 Experimental data for (a) thermal diffusivity and (b) specific heat
capacity of alumina-graphene composites as a function of
measurement temperature.
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Fig.5-19 Calculated thermal conductivity of alumina-graphene composites
as a function of temperature

The thermophysical properties strongly depend on the microstructure
characteristics. As shown in Fig. 5-19, the alumina sample with the largest
grain size (coarse-grained 1500℃) shows the highest thermal conductivity;
on the contrary, the alumina with the smallest grain size showed the lowest
thermal diffusivity. Although the thermal capacity of the alumina sample
was less than the heat capacity of the graphene-added alumina composite,
the heat of the alumina with the largest grain size has the highest thermal
conductivity.
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Fig.5-20 Thermal conductivity for alumina/graphene nanocomposite
as a function of 1/T

Fig.5-20 shows the thermal conductivity for all the specimens as a
function of the inverse of temperature (T). Linear relationships are
observed, indicating that the carriers for thermal conduction for both pure
alumina and composites are phonons [9,13,48-51]. In the present study, an
amount of graphene up to 8.5 vol% was added into alumina. The previous
study indicated that an amount of 5 vol% is sufficient to form an
inter-connecting graphene network [6]. For graphene compositions less
than this value, the alumina matrix is a continuous phase; the heat
conduction within the alumina–graphene composites is dominated by the
phonon transportation within alumina. Therefore, the thermal conduction
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shows a strong dependence on the microstructure of alumina, especially as
the graphene content is low.
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5.3 Characteristic of adding nanodiamond to alumina
nanocomposites
5.3.1 Effect

of

microstructure

of

alumina-nanodiamond

nanocomposites

Figures 5-21 & 5-22 show FESEM micrographs of fracture surfaces
of composites with the amount of 0, 0.57, 1.1, 2.3, and 5.6 vol%
nanodiamond particulates, respectively. The FESEM analysis provided a
wide area picture of the composites fractured surfaces showing
homogenous alumina-nanodiamond composites microstructures without
nanodiamond cluster, alongside their average matrix grain sizes.
The average grain size of the pure alumina sintered specimen is
about 0.5 μm. When the amount of nanodiamond is 0.57 vol%, the grain
size is increased to 1 μm. Then the average grain size increased to 2 μm
with the addition of 1.1 vol% and 2.3 vol% nanodiamond. The composites
with an excess amount of 5.6 vol% diamond particles exhibited lower
density, and the average grain size reduced to around 1μm.
Usually, a pure Al2O3 sample indicates an intergranular fracture
mode [44] in Fig. 5-21. However, as it can be noted from Fig. 5-22(a)-(d),
alumina-nanodiamond composite presents a mixture of intergranular and
transgranular fracture modes. It should be noted that after PECS’s process,
the matrix grain size is much more significant in comparison with the
particle size of the starting powders.
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Fig.5-21 Fracture surfaces of alumina specimens sintered at 1400 ℃
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(a)

(b)

(c)

Fig.5-22

(d)

Fracture surfaces of the alumina-nanodiamond composites sintered at 1400°C, the
nanodiamond content in the composites is (a) 0.57 vol% and (b) 1.1 vol% (c) 2.3
vol% (d) 5.6 %.
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5.3.2 Effect of thermal conductivity of alumina-nanodiamond
nanocomposites
The thermal diffusivity and heat capacity are determined with the
flash technique. Fig.5-23(a) compares the thermal diffusivity of all samples
as a function of temperature. Fig.5-23(b) shows the specific heat capacity
of the different alumina-nanodiamond composites as a function of
temperature. By knowing the values of density, heat capacity, and thermal
diffusivity, the thermal conductivity can be calculated by Eq(1) (K= ρ Cp
α). Fig.5-24 shows the effect of nanodiamond addition on the thermal
conductivity of alumina-nanodiamond composite at different temperatures
[52-53].
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Thermal diffusivity / mm2/s

(a)

Specific heat capacity / J/gK

(b)

Fig.5-23 Experimental data for (a) thermal diffusivity and (b) specific heat
capacity of alumina-nanodiamond composites as a function of
temperature.

86

doi:10.6342/NTU201902458

Fig.5-24 Calculated thermal conductivity of alumina-nanodiamond
composites as a function of temperature.

5.4 Comprehensive comparison and discussion
5.4.1 Comparison

of

thermal

conductivity

of

alumina-CNT

composites with different production methods
The comparison of the thermal conductivity of alumina composites
with carbon nanotubes has been carried out quite experimentally in the past,
but only in this experiment, the method of tape casting was carried out, and
the results of several previous experiments were compared. The thermal
conductivity of different specimen preparation methods is compared as
follows:
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Amount of CNT
/ vol%

Densification process

Thermal conductivity
Note
/ W/mK

0

PECS*, 1150°C/3m

27 @ 25°C

10

PECS, 1200°C/3m

11 @ 25°C

15

PECS, 1150°C/3m

7.3 @ 25°C

0

-

28 @ 100°C

12.4

PECS, 1150°C /10m

19 @ 100°C

0

PECS, 1400°C/10m

34 @ 25°C

1.1

PECS, 1400°C/10m

26 @ 25°C

6.4

PECS, 1400°C/10m

19 @ 25°C

10.4

PECS, 1400°C/10m

16 @ 25°C

0

PECS, 1500°C /10m

32@ 25°C

0.88

PECS, 1350°C /10m

27@ 25°C

1.8

PECS, 1500°C /10m

25@25°C

3.5

PECS, 1500°C /10m

24@25°C

8.5

PECS, 1500°C /10m

19@25°C

SWCNT [7]
Zhan et al.

MWCNT [8]
Kumari et al.

MWCNT [9]
Almad et al

This study

Table.5-1 Previously reported values for the thermal conductivity of
alumina-CNT composites

These composites were all prepared using spark plasma sintering
(SPS) technique at temperatures varying from 1150 to 1550℃. Zhan et al.
reported that the addition of CNTs reduced the thermal conductivity by
more than 70 % as 15 vol% CNT was added [7]. Kumari et al. indicated
that the addition of 12.4 vol% CNT reduced the thermal conductivity of
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alumina by 30 % [8]. However, the thermal conductivity of alumina–CNT
composites could reach 90 W/mK using a higher sintering temperature. A
recent study confirmed that the addition of CNT reduced the thermal
conductivity of alumina [9]. Ahmad suggested that low thermal
conductivity could be related to the high thermal resistance at the
alumina/CNT interface. The reported data from Kumari et al. [7] suggested
that the microstructure might play an important role in the thermal
conductivity. Nevertheless, previous studies paid little attention to the
influence of microstructure.

5.4.2 Comparison of thermal diffusivity of alumina-graphene/CNT
composites
Consider adding 0.88 %, 1.8 %, 3.5% and 8.5% graphene and carbon
nanotubes respectively. The thermal diffusivity obtained for the
measurement is shown in Figure 5-25-5-28.
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Thermal diffusivity / mm2/s
Fig.5-25 Experimental data for thermal diffusivity of alumina-0.88 vol% CNT/graphene

Thermal diffusivity / mm2/s

composites as a function of measurement temperature.

Fig.5-26 Experimental data for thermal diffusivity of alumina-1.8 vol% CNT/graphene
composites as a function of measurement temperature.
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Thermal diffusivity / mm2/s
Fig.5-27 Experimental data for thermal diffusivity of alumina-3.5 vol% CNT/graphene

Thermal
diffusivity
/ mm/ 2mm
/s 2/s
Thermal
diffusivity

composites as a function of measurement temperature.

Fig.5-28 Experimental data for thermal diffusivity of alumina-8.5 vol% CNT/graphene
composites as a function of measurement temperature.
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5.4.3 Comparison

of

the

specific

heat

capacity

of

alumina-graphene/CNT composites
Consider adding 0.88 %, 1.8 %, 3.5% and 8.5% graphene and carbon
nanotubes respectively. The specific heat capacity obtained for the

Specific heat capacity / J/gK

measurement is shown in Figure 5-29 - 5-32.

Fig.5-29 Experimental data for specific heat capacity of alumina-0.88 vol%
CNT/graphene composites as a function of measurement temperature.
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Specific heat capacity / J/gK
Fig.5-30 Experimental data for specific heat capacity of alumina-1.8 vol%

Specific heat capacity / J/gK

CNT/graphene composites as a function of measurement temperature.

Fig.5-31 Experimental data for specific heat capacity of alumina-3.5 vol%
CNT/graphene composites as a function of measurement temperature
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Specific heat capacity / J/gK
Fig.5-32 Experimental data for specific heat capacity of alumina-8.5 vol%
CNT/graphene composites as a function of measurement temperature

5.4.4 Comparison of thermal conductivity of alumina-graphene/CNT
composites
Consider adding 0.88 %, 1.8 %, 3.5% and 8.5% graphene and carbon
nanotubes respectively. The thermal conductivity obtained for the
measurement is shown in Figure 5-33-5-36.
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Fig.5-33 Calculated thermal conductivity of alumina-0.88 vol% CNT/graphene
composites as a function of temperature

Fig.5-34 Calculated thermal conductivity of alumina-1.8 vol% CNT/graphene
composites as a function of temperature
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Fig.5-35 Calculated thermal conductivity of alumina-3.5 vol% CNT/graphene
composites as a function of temperature

Fig. 5-36 Calculated thermal conductivity of alumina-8.5 vol% CNT/graphene
composites as a function of temperature
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Fig.5-37 Previous reported values for the thermal conductivity of alumina-CNT
composites

According to the related literature [7-9], even if different specimen
preparation methods, the thermal conductivity has a linear relationship
with the added CNT vol%, and the thermal conductivity decreases as the
amount of addition increases (see Fig.5-37). It quite appears linear within
10 vol%.

It can be inferred that the addition of CNT does not help to

improve the thermal conductivity of alumina. Although the thermal
conductivity of CNT can reach 2800 W/mK and the thermal conductivity
of pure alumina is only about 28 W/mK. It is expected to add CNTs for
increasing the thermal conductivity of alumina and exert a multiplier
effect.
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In practice, the thermal conductivity of alumina depends on the grain
size and relative density of the specimen after sintering. Adding CNT in
alumina, although the excellent thermal conductivity of CNT can increase
the thermal conductivity of the composite, the voids in the sintered alumina
are regarded as heat transfer insulators. So the more voids, the lower the
thermal conductivity. In the sintering process, CNTs are not dissolved on
the grain boundaries of the alumina. During the growth stage of the
alumina grains, the growth of the alumina grains is hindered, and the
empty hole induces the thermal insulation.
As the amount of added CNTs increases, the more hindrance at the
grain boundaries, the more adiabatic voids is created. Although the CNTs
form a local network structure with each other, they can slightly assist the
conduction of heat at the grain boundaries. However, the formed heat
conduction network can only be formed in a local area due to the
insufficient amount of addition. Due to the whole process of heat
conduction, it will find the area where the thermal resistance is low, but the
local heat conduction network is not enough to connect the whole
specimen. Therefore, as the amount of added CNTs increases, the thermal
conductivity also decreases.
Until the amount of CNT added reaches 10 vol% or more, the
amount of addition is sufficient, resulting in a worse density of alumina
and a lower thermal conductivity, but on the other hand, the added CNT
has an opportunity to form a heat conduction network throughout the entire
specimen. Therefore, the addition of test pieces with CNTs exceeding 10
98

doi:10.6342/NTU201902458

vol% causes divergence. There is a specimen that produces a CNT thermal
network, and the thermal conductivity can be higher than the trend line.

5.4.5 Calculation of mean free path of alumina-graphene/CNT
composites
The mean free path is the average traveling distance between two
consecutive collisions of particles with other particles in the medium. This
mode of transmission is limited by elastically scattered by the phonon at
the lattice defect. The mean free path of phonon is directly related to the
effective relaxation length in the process, while the mean free path varies
with the number of impurities or grain boundaries in the material.
The thermal conduction behavior in dielectric solid is primarily
discussed in terms of the phonon-scattering theory [54-57]. The thermal
conductivity can be determined by direct measurement of the density (ρ)
and thermal diffusivity (α) of the solid:

K = ρ Cp α …………………………………………………… (1)
The thermal conductivity (K), as well as the diffusivity (α), is
inversely proportional to the temperature.
In addition, considering thermal conduction to be a result of the
transportation of thermal elastic waves, thermal conductivity (K) of solid
materials is a relation to the mean free path by [55,58]
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1

K = ρ L Cp ν …………………………………..……… (2)
3

Where L is the phonon mean free path, Cp is the specific heat per unit,
and ν is elastic wave velocity. Combining equations (1) and (2), the
following relationship is obtained,

L = 3 α / ν…………………………………………………….. (3)
Where ν is roughly constant with respect to temperature [22]. The
primary elastic wave velocity in dense fine-grained polycrystalline Al2O3
was measured to be 10.92 km/s [59].
In our experiments, the mean free path of the pure alumina sintered
specimen is around 15 – 7 Å at room temperature to 300°C. The mean free
path of Al2O3 + 0.5 wt% CNT sintered specimen is 19 – 8 Å at room
temperature to 300°C. The mean free path of Al2O3 + 0.5 wt% graphene
sintered specimen is 21 – 9 Å at room temperature to 300°C. In addition,
the mean free path of a phonon decreases gradually with increasing
temperature because as the number of exciting phonons increases with
increasing temperature, so does the number of collisions between them, on
account of the anharmonic forces between atoms [58]. The densification
and intrinsic thermal property of the material are a predominant factor to
affect the mean free path of phonons diffusing through the solid.
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5.4.6 Comparison of porosity effect on thermal conductivity
 porosity effect of Alumina-graphene Nanocomposites
The thermal conductivity of alumina depends on the amount of
porosity within the specimen tested. Schlichting et al. [60] had proposed
the following equation to estimate the effect of porosity (Φ) on thermal
conductivity (K) as

……………………………………………….(4)
The KO is the thermal conductivity for the fully dense specimen.
Through the help of the above equation, the influence of porosity can then
be removed.
The defect acts as a source for scattering phonons [58]. The
concentration of defects near the grain boundary is the highest. The
thermal conductivity is thus affected by the amount of grain boundary area.
Total grain boundary area (A) within one unit cell can be expressed in the
following equation

---------------------------------------------------------(5)
In the above equation, n is the number of grains with a size of G. In
each unit cell, the number of grain, n, can be estimated with the following
equation
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…………………………………………….……….(6)
Therefore, the grain boundary area within one unit cell is
proportional to (1/G). Assuming that the thermal conductivity depends on
the amount of grain boundary area, the effect of grain size can thus be
estimated as

1
K = K g ( ) ……………………………………………………(7)
G

The Kg is the thermal conductivity with certain grain size (G). The
above equation demonstrates that a larger grain size results in higher
thermal conductivity. It is certainly the case, as shown in Fig. 5-19. The
values for two alumina specimens with different grain size can be treated
as bounding values; the thermal conductivity for the alumina–graphene
composites with the grain size of 〜1 μm can then be estimated. After
correcting the effect of porosity (Eq. 4) and grain size (Eq. 7), the values
for composites are shown in Fig. 5-38.
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Fig.5-38 Experimental data and calculated values for the thermal
conductivity of alumina-graphene composite as a function of
volume content. The value corrected by removing the effect of
porosity (Eq. 4) and grain size (Eq. 7) is also shown. The straight
line indicates the lower bound (Eq. 9) for a layered structure.

The estimated values for graphene-containing alumina are slightly
higher than that of alumina as the volume fraction of graphene is lower
than 2 %. However, the addition of 8.5 % graphene reduces the thermal
conductivity by 25 %. Therefore, the addition of graphene imposes
negative effect on the thermal conduction of alumina as the graphene
content is higher than the critical value. An amount of 8.5 vol% graphene
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is high enough to form the interconnecting network, as shown in Fig. 4b. In
the present study, our experimental data illustrate that the thermal
conductivity drops as the graphene form an interconnecting network.
The thermal conductivity of two-phase composites has attracted
much attention in the last several decades [61]. Although many theoretical
models are available, none of the model predictions can describe all the
experimental data. Instead of predicting the values for two-phase
composites precisely, an envelope composing of upper bound (in-series
model) and lower bound (in-parallel model) are favorable [62]. The lower
bound for a two-phase composite (KC) is as following

1 Falumin a Fgraphene
=
+
KC K alumin a K graphene ………………………………..(8)
The F in the above equation is the volume fraction. This model is
used to describe the thermal conduction across a laminated structure
[61-62], as shown in the inset in Fig. 5-38. Since the volume fraction of
graphene is low, the above equation can be simplified as follows:
The thermal conductivity for alumina–graphene composite (KC) can
thus be estimated from the thermal conductivity of alumina (Kalumina)
directly. The values shown in Eq. 9 are also shown in Fig. 5-20.
The thermal conductivity of graphene-containing specimen with
higher graphene content is lower than the values predicted by the lower
bound, indicating other factors may affect the thermal conduction. The
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thermal conductivity of graphite exhibits unique anisotropic characteristics.
The thermal conductivity along the plane of graphite layer can reach 2000
W/mK, and only 〜7 W/mK in the direction perpendicular to the graphite
layer [58]. It implies that the graphene sheets may act as a thermal barrier
if they are lying on the plane perpendicular to the heat conduction.
Therefore, the addition of graphene sheets is blocking the movement of
phonons when they are interconnected. As the amount of graphene is low,
the phonons can transport through the alumina matrix.
The processing condition may also affect thermal conductivity.
Phonon transportation is sensitive to the presence of lattice defects. The
external heat and load used during PECS may introduce many defects into
the graphene, reducing its thermal conductivity. It should be noted that the
above analyses assume no thermal barrier at the alumina/graphene
interface.
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5.4.7 Comparison

of

nano-carbon

adding

effect

on

thermal

conductivity
Fig.5-39

shows

the

thermal

conductivity

at

25°C

for

Al2O3-graphene/CNT/nanodiamond composites as a function of second
phase content. The figure demonstrates that the thermal conductivity
decreases with the increase of nano-carbon content.

vol %

Fig.5-39 Calculated

thermal

conductivity

of

alumina-

graphene/CNT/nanodiamond composites as a function of
volume content.

A comparison of the relative density of the composite and the
thermal conductivity is shown in Fig.5-40 Each carbon demonstrates a
thermal conductivity proportional to the relative density, indicating that the
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relative density is indeed an important factor affecting the thermal
conductivity. However, at the same relative density, adding nanodiamond is
the best, adding graphene second, and adding CNT is the worst. The
relative density is positively related to thermal conductivity. Regardless of
the composition, the higher the relative density, the greater the thermal
conductivity.

Fig.5-40 Calculated

thermal

conductivity

of

alumina-

graphene/CNT/nanodiamond composites as a function of
relative density.

Nano-carbons such as nanodiamond, carbon nanotube, and graphene
have high thermal conductivity. Dispersing the above carbon allotropes and
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their derivatives into an alumina matrix must consider the thermal and
mechanical properties of the composite. It is necessary to maintain the
insulation and strength of the alumina, and it is desirable to increase the
thermal conductivity of the alumina. It is well known that the thermal
transfer mechanism of Al2O3 depends on phonon delivery.
Diamonds are a particularly good crystal with very few defects. The
carbon atom has a small mass and a very strong carbon-carbon bond,
allowing it to propagate very high-energy phonons so that fewer phonons
can transmit the same energy. In contrast, graphite conducts heat very well
in phonons (and free electrons) along with the layer, but the layers are out
of tolerance, so there is a heavy anisotropy.
The heat transfer of Alumina composites is different in the addition
of nano-carbons, mainly due to the tightness of crystal structure. Adding
excess carbon derivatives (greater than 1%), whether it is 0D-nanodiamond,
2D-graphene, and 1D -CNT results in lower heat transfer. Due to below
1400 °C, Carbon & alumina does not bond together, so excessive carbon
accumulates in the grain boundary during the densification process,
hindering grain growth and densification. The densification and grain
growth of alumina is prohibited. The thermal conductivity has to consider
these microstructure features.
Adding a small amount (less than 1 vol%) could be to play the
excellent heat transfer role of graphene/nanodiamond/CNT. Considering
the structural characteristics and the directivity of heat transfer, the best
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heat transfer direction of 2D-graphene is planar. It happens to be
perpendicular to the heat transfer direction of the target. The best heat
transfer direction of 1D-CNT is along the axis direction. Because of the
CNT winding effect, the direction of heat transfer results are random, and
the heat transfer benefit may also offset each other, failed to play the
excellent heat transfer of CNT.
The only good application is 0D-diamond. Since the heat transfer has
no specific directionality and the specific surface area is small relative to
graphene and CNT. The effect of the prohibiting alumina grain growth in
the PECS process is relatively small. A small amount of nanodiamond (less
than 1 vol%) will have better heat transfer than pure alumina.
Finally, it is considered that the effect of adding various nano-carbon
on the heat transfer of alumina, in which the amount of CNT and graphene
added, is insufficient to become a network, and it is not allowed to be
completely connected to lose insulation. The added carbon allotropes and
their derivatives all have good thermal conductivity. However, the best heat
transfer direction of 2D-graphene is planar, and the CNTs are easy to wind.
Hence, the nanodiamond becomes the regional fast channel center, as
shown in Figure 5-41. On the other hand, nanodiamond has more particles
when it is added in the same proportion, that is, it has a better effect when
the dispersion is better. Nanodiamond has a regional heat-transfer
acceleration effect in alumina to achieve the best heat-transfer effect. The
results show that the above method is much better than the previous
method.
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Fig.5-41 Schematic representation of fast channel for alumina-nanodiamond
composites.
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Chapter 6

Conclusions

 In this study, the alumina composite with carbon nanotubes/graphene was
prepared by tape casting. The alumina powder was directly added to the
CNT/graphene suspension solution to form a slurry. The green compact was made
from the slurry and then sintered with PECS. This study conducts the
manufacturing process that is different from other journal papers did.
 By removing the influence of porosity and grain boundary area, the thermal
conductivity begins to drop at graphene contents of 2–3 vol%. As the graphene
content is higher than this value, the thermal conductivity will drop accordingly
due to low density, poor interface, and inadequate grain size.
 The addition of a small amount of nanodiamond can significantly increase the
thermal conductivity, and both the thermal conductivity of 0.57 and 1.1 vol%
nanodiamonds are higher at 25 ° C than pure alumina. That nanodiamond forms a
fast channel that provides a shortcut for heat transfer, but as the number of
additive increases, the density decreases. Therefore, it reduces the benefits of
nanodiamond.
 The effect of adding a small amount (<1 vol %) nano-carbon in the composite
depends on the structural characteristics of the nano-carbons. Since the
directionality of 1D-CNT and 2D-graphene heat transfer is inconsistent with the
direction required by the actual application, the benefit of addition is limited.
0D-diamond is currently the best addition because it has no specific heat transfer
direction and its structure does not cause hindrance at the grain boundary, which
affects densification.
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Chapter 7

Future works

 This thesis seeks to examine the effect on the thermal conductivity of alumina
composites with the addition of nano-carbons such as carbon nanotubes, graphene,
and nanodiamond. However, does alumina react with carbon at high-temperature
sintering with plasma? The TEM observation will be used to explain the
microstructure and heat transfer mechanism of the nanocomposite.
 Raman spectra indicate that the graphene becomes crystal defective in the
nanocomposite after PECS sintering. That means the crystallinity is affected by
the sintering process. However, we cannot rule out that these characteristic peaks
are affected by carbon infiltration from the graphite die. More relevant
experiments should be carried out to verify.
 The thermal conductivity of two-phase composites many theoretical models. In
this thesis, we use an envelope composing of upper bound and lower bound
models. However, the thermal resistance concept maybe imports to describe all
the experimental data.
 The unexpected results of this work show that the use of nanodiamonds as second
phases in alumina-based composites presents fascinating possible applications,
such as wear-resistant and high temperature resistant structural components, etc.
With many potential applications on the horizon, these novel nanomaterials will
certainly have a great scientific impact in the future.

112

doi:10.6342/NTU201902458

References
1 A. A. Balandin, "Thermal properties of graphene and nanostructured carbon
materials," Nature Materials 10, 569-581 (2011).
2 S. Nasir, M.Z. Hussein, Z. Zainal, N.A. Yusof, "Carbon-based
nanomaterials/allotropes: a glimpse of their synthesis, properties and some
applications," Materials 295(11),1-24 (2018).
3 S. C. Tjong, "Recent progress in the development and properties of novel
metal matrix nanocomposites reinforced with carbon nanotubes and
graphene nanosheets," Materials Science and Engineering: R-reports 74
[10], 281-350 (2013).
4 A. Rincón, A. S. A. Chinelatto, and R. Moreno, "Tape casting of
alumina/zirconia suspensions containing graphene oxide," Journal of the
European Ceramic Society 34 [7], 1819-1827 (2014).
5 S. C. Zhang, W. G. Fahrenholtz, G. E. Hilmas, and E. J. Yadlowsky,
"Pressureless sintering of carbon nanotube-Al2O3 composites," Journal of
the European Ceramic Society 30 [6], 1373-1380 (2010).
6 H. Porwal, P. Tatarko, S. Grasso, J. Khaliq, I. Dlouhy, and M. J. Reece,
"Graphene reinforced alumina nano-composites," Carbon 64, 359-369
(2013).
7 G. D. Zhan, J. D. Kuntz, H. Wang, C. M. Wang, and M. A. K., "Anisotropic
thermal

properties

of

single-wall-carbon-nanotube-reinforced

nanoceramics," Philosophical Magazine Letters 84 [7], 419-423 (2004).
8 L. Kumari, T. Zhang, G. H. Du, W. Z. Li, Q. W. Wang, A. Datye, and K. H.
Wu, "Thermal properties of CNT-Alumina nanocomposites," Composites
Science and Technology 68 [9], 2178-2183 (2008).
9 K. Ahmad, P. Wei, and C. Wan, "Thermal conductivities of alumina-based
multiwall carbon nanotube ceramic composites," Journal of Materials
Science 49 [17], 6048-6055 (2014).

113

doi:10.6342/NTU201902458

10 S. Iijima, "Helical microtubules of graphitic carbon," Nature 354 [6348],
56-58 (1991).
11 A. K. Geim and K. S. Novoselov, "The rise of graphene," Nature Materials
6 [3], 183-191 (2007).
12 K. S. Novoselov, V. I. Fal'ko, L. Colombo, P. R. Gellert, M. G. Schwab, and
K. Kim, "A roadmap for graphene," Nature 490 [7419], 192-200 (2012).
13 E. Pop, V. Varshney, and A. K. Roy, "Thermal properties of graphene:
Fundamentals and applications," Mrs Bulletin 37 [12], 1273-1281 (2012).
14 A. K. Geim, "Graphene: status and prospects," Science 324, 1530-1534
(2009).
15 N. Nunn, M. Torelli, G. McGuire, O. Shenderova, "Nanodiamond: a high
impact nanomaterial," Current Opinion in Solid State and Materials
Science 21(1), 1-9 (2017).
16 X. R. Yan, X. J. Li, X. H. Wang, and H. H. Yan, "Synthesis of
nano-diamond/alumina composite by detonation method," Diamond and
Related Materials 77, 79-83 (2017).
17 T. Noma, and A. Sawaoka, "Toughening in very high pressure sintered
diamond-alumina composite," Journal of material science 19, 2319-2322
(1984).
18 V. N. Mochalin, O. Shenderova, D. Ho, and Y. Gogotsi, "The properties and
applications of nanodiamonds," Nature Nanotechnology 7, 11-23 (2012).
19 J. S. Moya, R. Torrecillas, and L. A. Diaz, "Strong pinning effect of
alumina/nanodiamond composites obtained by pulsed electric current
sintering," Journal of the European Ceramic Society 33, 2043–2048(2013).
20 V. Singh, D. Joung, L. Zhai, S. Das, S. I. Khondaker, and S. Seal,
"Graphene based materials: past, present and future," Progress in Materials
Science 56 [8], 1178-1271 (2011).
21 S. Bai and X. Shen, "Graphene–inorganic nanocomposites," RSC Advance
2 [1], 64 (2012).
114

doi:10.6342/NTU201902458

22 X. Huang, Z. Yin, S. Wu, X. Qi, Q. He, Q. Zhang, Q. Yan, F. Boey, and H.
Zhang, "Graphene-based materials: synthesis, characterization, properties,
and applications," Small 7 [14], 1876-1902 (2011).
23 K. Nihara, "New design concept of structural ceramics - ceramic
nanocomposites," Journal of the Ceramic Society of Japan 99 [1154],
974-982 (1991).
24 N. Saheb and K. Mohammad, "Microstructure and mechanical properties of
spark plasma sintered Al2O3-SiC-CNTs hybrid nanocomposites," Ceramics
International 42 [10], 12330-12340 (2016).
25 H. Porwal, S. Grasso, and M. J. Reece, "Review of graphene-ceramic
matrix composites," Advances in Applied Ceramics 112[8], 443-454 (2013).
26 V. Viswanathan, T. Laha, and K. Balani, "Challenges and advances in
nanocomposite processing techniques," Materials Science & Engineering
R-reports 54, 121-185(2006).
27 Z. J. Shen, M. Johnsson, and Z. Zhao, " Spark plasma sintering of
alumina,"

Journal

of

the

American

Ceramic

Society

85

[8],

1921-1927(2002).
28 M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, and R. Saito,
"Perspectives on carbon nanotubes and graphene raman spectroscopy,"
Nano Letters 10 [3], 751-758 (2010).
29 L. A. Diaz, M. A. Montes-Moran, P. Y. Peretyagin, Y. G. Vladimirov, A.
Okunkova, J. S. Moya, and R. Torrecillas, " Zirconia-alumina-nanodiamond
composites with gemological properties," Journal of Nanoparticle
Research 16 [2], 2257 (2014).
30 Y. P. Xie and M. Hofmann, "利用光來發掘石墨烯," 物理雙月刊 33 [2],
168-170 (2011)
31 C. M. Sung, S. C. Hu, I. C. Lin, and C. P. Yu, "Graphene and hexagonal
boron nitride planes and associated methods," US patent (2015).
32 J. G. Santanach, A. Weibel, C. Estournès, Q. Yang, C. Laurent, and A.
Peigney, "Spark plasma sintering of alumina: Study of parameters, formal
115

doi:10.6342/NTU201902458

sintering analysis and hypotheses on the mechanism(s) involved in
densification and grain growth," Acta Materialia 59 [4], 1400-1408 (2011).
33 M. Rashad, F. Pan, A. Tang, and M. Asif, "Effect of graphene nanoplatelets
addition on mechanical properties of pure aluminum using a semi-powder
method," Progress in Natural Science-Materials International 24 [2],
101-108 (2014).
34 J. Qian, C. Pantea, and G. Voronin, " Partial graphitization of diamond
crystals under high-pressure and high-temperature conditions," Journal of
Applied Physics 90 [3], 1632-1637 (2001).
35 M. Y. Chu, B. Bhushan, and L.C. Dejonghe, "Processing of diamond/
alumina composites for low wear applications," Journal of Materials
Research 7 [11], 3010-3018 (1992).
36 S. Kume, K. Suzuki, and N. Kanetake, "Diamond dispersed alumina
composites fabricated under the thermodynamically not stable conditions
for diamond," Journal of Japan Powder and Powder Metallurgy 47(3),
244-250 (1999).
37 B. Yazdani, H. Porwal, Y. D. Xia, H. X. Yan, M. J. Reece, and Y. Q. Zhu, "
Role of synthesis method on microstructure and mechanical properties of
graphene/carbon nanotube toughened Al2O3 nanocomposites," Ceramics
International 41, 9813-9822 (2015).
38 Y. R. Xu, A. Zangvil, and A. Kerber, "SiC nanoparticle-reinforced Al2O3
matrix composites: role of intra- and intergranular particles," Journal of the
European Ceramic Society 17 [7], 921-928 (1997).
39 Y. F. Chen, J. Q. Bi, C. L. Yin, and G. L. You, "Microstructure and fracture
toughness

of

graphene

nanosheets/alumina

composites,"

Ceramics

International 40 [9], 13883-13889 (2014).
40 M. Jaafar, G. Bonnefont, G. Fantozzi, and H. Reveron, "Intergranular
alumina–SiC micro-nanocomposites sintered by spark plasma sintering,"
Materials Chemistry and Physics 124 [1], 377-379 (2010).

116

doi:10.6342/NTU201902458

41 L. Kvetková, A. Duszová, M. Kašiarová, F. Dorčáková, J. Dusza, and C.
Balázsi, "Influence of processing on fracture toughness of Si3N4+graphene
platelet composites," Journal of the European Ceramic Society 33 [12],
2299-2304 (2013).
42 D. Sciti, J. Vicens, and A. Bellosi, "Microstructure and properties of
alumina-SiC nanocomposites prepared from ultrafine powders," Journal of
Materials Science 37 [17], 3747-3758 (2002).
43 J. Cho, F. Inam, M. J. Reece, Z. Chlup, I. Dlouhy, M. S. P. Shaffer, and A.
R. Boccaccini, "Carbon nanotubes: do they toughen brittle matrices? "
Journal of Materials Science 46 [14], 4770-4779 (2011).
44 I. Ahmad, H. Cao, H. Chen, H. Zhao, A. Kennedy, and Y. Q. Zhu, "Carbon
nanotube toughened aluminum oxide nanocomposite," Journal of the
European Ceramic Society 30 [4], 865-873 (2010).
45 I. Ahmad, B. Yazdani, and Y. Zhu, "Recent advances on carbon nanotubes
and graphene reinforced ceramics nanocomposites," Nanomaterials 5 [1],
90-114 (2015).
46 C. Y. Chen and W. H. Tuan, "Evolution of mullite texture on firing tape-cast
kaolin bodies," Journal of the American Ceramic Society 85 [5], 1121-1126
(2002).
47 S. J. Bennison and M. P. Harmer, " Swelling of hot-pressed Al2O3," Journal
of the American Ceramic Society 68 [11], 591-597 (1985).
48 J. Hone, M. C. Llaguno, M. J. Biercuk, A. T. Johnson, B. Batlogg, Z. Benes,
and J. E. Fischer, "Thermal properties of carbon nanotubes and
nanotube-based materials," Applied Physics A-materials Science &
Processing 74, 339-343 (2002).
49 A. A. Balandin, and D. L. Nika, " Thermal transport in graphene and
graphene multilayers," arXiv e-print (operated by Cornell University)
(2012).

117

doi:10.6342/NTU201902458

50 A. A. Balandin, "Thermal properties of graphene, carbon nanotubes and
nanostructured carbon materials," arXiv e-print (operated by Cornell
University) (2011).
51 D. L. Nika, and A. A. Balandin, "Two-dimensional phonon transport in
graphene," Journal of Physics-condensed Matter 24, 233203 (2012).
52 S. V. Kidalov, F. M. Shakhov, and A. Y. Vul, "Thermal conductivity of
sintered nanodiamonds and microdiamonds," Diamond and Related
Materials 17, 844-847 (2008).
53 S. V. Kidalov, and F. M. Shakhov, "Thermal Conductivity of Diamond
Composites," Materials 2, 2467-2495(2009).
54 B. K. Jang and Y. Sakka, "Thermophysical properties of porous SiC
ceramics fabricated by pressureless sintering," Science and Technology of
Advanced Materials 8 [7-8], 655-659 (2007).
55 D. M. Liu and B. W. Lin, "Thermal conductivity in hot-pressed silicon
carbide," Ceramics International 22 [5], 407-414 (1996).
56 C. J. Lin, I. C. Lin and W. H. Tuan, " Effect of graphene concentration on
thermal properties of alumina–graphene composites formed using spark
plasma sintering," Journal of Materials Science 52, 1759–1766 (2017).
57 I Ahmad, T Subhani, N Wang and Y Zhu, "Thermophysical properties of
high-frequency induction heat sintered graphene nanoplatelets/alumina
ceramic functional nanocomposites," Journal of Material Engineering and
Performance 27[6], 2949-2959 (2018).
58 B. K. Jang and Y. Sakka, "Influence of microstructure on the
thermophysical properties of sintered SiC ceramics," Journal of Alloys and
Compounds 463 [1-2], 493-497 (2008).
59 B. Li, I. Jackson, T. Gasparik, and R. C. Liebermann, "Elastic wave
velocity measurement in multi-anvil apparatus to 10 GPa using ultrasonic
interferometry," Physics of the Earth and Planetary Interiors 98 [1], 79-91
(1996).

118

doi:10.6342/NTU201902458

60 K. W. Schlichting, N. P. Padture, and P. G. Klemens, "Thermal conductivity
of dense and porous yttria-stabilized zirconia," Journal of Materials
Science 36 [12], 3003-3010 (2001).
61 H.C. Hsu and W.H. Tuan, "Thermal characteristics of a two-phase
composite," Advanced Powder Technology 27 [3], 929-934 (2016).
62 M. F. Ashby, "Criteria for selecting the components of composites," Acta
Metallurgica Et Materialia 41 [5], 1313-1335 (1993).

119

doi:10.6342/NTU201902458

