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Introduction 
Intensive interest in graphene and graphene related materials has been centered on their 
remarkable properties, which offer unique opportunities to address ever-increasing 
global demand of functional materials. The past years have witnessed considerable 
advances in the fabrication of graphene-based materials and significant breakthroughs in 
advanced applications. Nanotechnology has facilitated the development of graphene-based 
hybrid and composite materials with extraordinary performance and properties. Many 
reports have shown significant potentials and a wide variety of possible applications of 
carbon structures in optics, quantum devices, photocatalysis, photovoltaics, thermal 
management, etc. 

One of the areas that graphene-based nanomaterials have recently entered in is 
microwave absorption using nanoscale-modified heterostructures. Many applications 
such as antenna designs, and microelectronics, require materials to interact with 
microwave radiations in a certain fashion, namely broadband absorption or filtering a 
narrow bandwidth of the frequencies. These applications often pose further constraints 
on the functionality of the materials, such as geometrical requirements, operational 
frequency, system compatibility, and structural integrity. To mitigate these often 
mutually exclusive requirements, most material inventions for microwave absorption are 
of nanoscale. It has been well-proven, that continuous progress in development of  
new multifunctional nanomaterials and understanding their dielectric and magnetic 
interactions, especially at gigahertz range is imperative to the technological advancements 
such as 5G and 6G network development. In such regards, carbon nanostructures such 
as carbon nanotubes, carbon fibers, graphene, and graphene related materials are the 
bedrocks of the inventions. Among them, graphene has shown a vast potential for 
advanced high performance microwave absorption. In various forms of graphene related 
materials, several polarization mechanisms such as defect polarization-relaxation, 
electronic dipole relaxation, etc. can be simultaneously present, which greatly increase 
microwave absorption performance. Furthermore, much effort has been devoted to the 
fabrication of nanocomposites that host graphene related materials to enforce synergetic 
effect of additional space charge polarization and multiple internal reflection to enhance 
the performance even further. These nanocomposites can be designed to serve as 
advanced multifunctional structures that combine mechanical, thermal, electrical, and 
chemical requirements of the system.  

Acknowledging the importance of the topic, this work is devoted to development and 
study of novel multifunctional graphene-ceramic nanocomposites of a high-performance 
microwave absorption and further thermo-mechanical functionalities. The cornerstone 
of the work is the recently developed graphene augmented alumina nanofibers 
representing a great potential for microwave application due to their core-shell 
conductive-dielectric morphology and a unique band structure that has stemmed from 
the doping effect of the alumina and morphology of the graphene coating. Moreover, 
hierarchically structured nanocomposites, which employ the hybrid graphene-alumina 
nanofibers are proposed to complement the tunability of the absorber structure, 
enhance microwave absorption, and provide anisotropic thermal and electrical 
properties. In addition, the alumina matrix used in this work, can ensure the mechanical 
reliability of the developed hierarchical structures which can render them excellent 
choices for harsh environments.  
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Abbreviations 
ALD Atomic Layer Deposition 
ANF Alumina Nanofiber 
CMC Ceramic Matrix Composite 
CNT Carbon Nanotube 
CVD Chemical Vapor Deposition 
EM Electro-Magnetic 
EMI Electro-Magnetic Interference 
EMI SE Electro-Magnetic Interference Shielding Effectiveness 
fcc Face-Centered Cubic 
FESEM Field Emission Scanning Electron Microscope 
FSM Fibonacci Sequenced Multilayer 
GAIN Graphene Augmented Inorganic Nanofibers 
GO Graphene Oxide 
GRM Graphene Related Materials 
hBN Hexagonal Boron Nitride 
hcp Hexagonal Closed-Packed 
HR-TEM High Resolution Transmission Electron Microscope 
HV Hardness Value (Vicker’s Hardness) 
MAM Microwave Absorbing Material 
MFP Mean Free Path 
MWCNT Multi-Walled Carbon Nanotube 
N-doped Nitrogen doped 
NRW Nicolson-Ross-Weir 
PEC Perfect Electric Conductor 
PPMS Physical Property Measurement System 
RF Radio Frequency 
rGO Reduced Graphene Oxide 
RL Reflection Loss 
sccm Standard cubic centimeters per minute 
SEA Shielding Effectiveness Due to Absorption 
SEM Scanning Electron Microscope 
SER Shielding Effectiveness Due to Reflection 
SPS Spark Plasma Sintering 
SWCNT Single-Walled Carbon Nanotube 
TE Thermoelectric 
TE10 Transverse Electric  
TPS Transient Plane Source 
Vol.% Volume percentage 
WR-90 Rectangular Waveguide 90 
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Wt.% Weight percentage 
XRD X-Ray Diffraction 
ZT Thermoelectric Figure of Merit 
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Symbols  
ε Permittivity 
ε′′ Dielectric loss factor 
µ Permeability 
μ Carrier mobility 
n Carrier density/concentration 
Ω Resistance 
σ Electrical conductivity 
ρ Resistivity 
Cp Specific heat capacity 
Tan δε Dielectric loss tangent 
Tan δμ Magnetic loss tangent 
k Thermal conductivity 
α Thermal diffusivity 
λ Phonon mean free path 
⊥ Perpendicular direction (through-plane) 
∥ Parallel direction (in-plane) 
CH4 Methane 
H2 Hydrogen 
N2 Nitrogen 
γ Propagation constant 
η Characteristic impedance 
Z0 Impedance of free space 
Zin Input impedance 
p Power 
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1 Review of the literature 
This chapter provides state of the art of the performed research in the area of graphene-
ceramic composites, their properties, routes of sintering, as well as the mechanisms of 
thermal, and electrical transport related to the presence of carbon nanostructures in the 
materials. Moreover, an overview of electromagnetic interference shielding with a focus 
on carbon-based microwave absorbers is provided. 

1.1 Ceramic matrix composites 
Ceramic matrix composites (CMCs) are usually materials that provide the desirable set of 
properties combining excellent mechanical properties and chemical inertness of a 
ceramic matrix with specific properties of the additives (Bansal & Lamon, 2003). CMCs 
are considered as inverse composites, that is to say the brittle ceramic matrix is the first 
to fail under load. Hence, the filler reinforcement in such structures arrest and/or deflect 
cracks at the filler-matrix interface to reduce brittle failure of the composite (Krenkel & 
Renz, 2008). The crack trajectory deflection at the interface is achieved through weakening 
of the interface by employing a thin interphase layer, functioning as mechanical fuse. 
Examples are hexagonal boron nitride (hBN) and pyrolytic carbon (Krenkel & Renz, 2008). 
For fiber reinforced CMCs, oxide fibers (such as alumina), despite having excellent 
oxidation resistant and mechanical properties are less desirable over carbon and SiC 
based fibers due to their high creep rates. Therefore, coating interfaces such as monazite 
(LaPO4), ZrO2, TiO2, and layered perovskites on various oxide fibers, create a more 
effective, even though more complex, reinforcement (Bansal & Lamon, 2003). Recently, 
the nanostructured carbon-alumina hybrid fibers as an emerging area has shown  
a vast potential for optimization of the bulk composite properties (Ivanov et al., 2015). 
In addition to mechanical properties of CMCs, by employing ferroelectrics, piezoelectrics, 
ion-conductors, and optical ceramics, CMCs have been tuned for electrical, thermal, 
electromagnetic, and catalytic applications (Phelps & Wachtman, 2000). 

 
1.1.1 Alumina phases 
Aluminum oxide (Alumina, Al2O3) is one of the most widely used technical ceramics and 
industry standard for electronic substrates due to its low production costs as well as high 
strength, maximum service temperature, relatively low chemical inertness, low electrical 
resistivity, and low dielectric loss factor (ε′′). Alumina has a broad range of applications 
in cutting tools, gas purifications systems, and radio frequency (RF) window materials  
(de Faoite, Browne, Chang-Díaz, & Stanton, 2012). Besides the thermodynamically  
stable α-Al2O3, several metastable polymorphs of alumina can be divided into two  
main categories: (I) face-centered cubic (fcc) and (II) hexagonal close-packed (hcp).  
The distribution of oxygen anions follows the main two crystal structures; therefore,  
the distribution of the cations makes up the subgroup metastable polymorphs.  
The fcc subgroup (also known as transition polymorphs) includes cubic γ and η, 
monoclinic θ, and tetragonal or orthorhombic δ phases. In the Figure 1.1a–d the hcp 
position of oxygen atoms and cubic structured oxygen and aluminum atoms are shown 
for α and γ, respectively. In crystallography terms, α-Al2O3 has a trigonal symmetry with 
rhombohedral Bravais centering with a space group R-c (number 167 in (Bradly & 
Cracknell, 1972)). The metastable γ-Al2O3 with O atoms in cubic close-packed arrangement 
and Al atoms occupying octahedral and tetrahedral sites is commonly accepted to have 
symmetry of ideal spinel (Levin & Brandon, 2005) with Fd-m (number 227 in (Bradly & 
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Cracknell, 1972)). The γ phase undergoes a transition process towards the more stable 
α-Al2O3 at temperature interval of 1050–1200 °C depending on the initial particle size 
and heating rates, through γ→δ→θ→α phase transformation sequence. This transition 
is one of the synthesis routes for preparation of commercial α-Al2O3 powder and fibers 
via thermal dehydration of a crystalline aluminum oxyhydroxide (boehmite, AlO(OH)) 
phase. The sequences of the phase transformation are not definitive. That is to say, 
neither experimental evidence show that δ→θ necessary happens, nor there is enough 
evidence to disprove a direct γ→α transition (Levin & Brandon, 2005). Nonetheless, it 
was shown that at around 950 °C partial transformation to δ phase begins which coexists 
with γ-Al2O3, while beyond that temperature, θ-Al2O3 and correspondingly θ→α occurs 
(Lamouri et al., 2017). 
 

 
Figure 1.1 Standard orientation and projections along [001] direction of (a,b) conventional unit cell 
of hexagonal α-Al2O3 (Lewis, Schwarzenbach, & Flack, 1982); and (b,c) cubic γ-Al2O3 phase (L. Deyu, 
B.H. O’Connor, G.I.D Roach, 1990). 

1.1.2 Graphene 
The two-dimensional sheet of sp2 hybridized carbon atoms possesses several 
extraordinary intrinsic properties such as extreme electron mobility (200000 cm2v–1s–1), 
ultra-high modulus of elasticity (~1 TPa), and high thermal conductivity (~5000 Wm–1K–1), 
while being optically transparent with almost 98 % transmittance in visible region of the 
spectrum (Foa Torres, Roche, & Charlier, 2013). Since the isolation of monolayer 
graphene in 2004, various approaches have been developed to scale-up the production 
and improve the quality of the sheets (Geim & Novoselov, 2007). In general, the production 
methods consist of the top-down approach which starts with graphite, and the bottom-up 
approach which mostly relies on synthesis of graphene from hydrocarbon precursors for 
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low-cost production. Chemical vapor deposition (CVD) is one of the most widely used 
methods to deposit graphene sheets from methane (CH4) on a variety of substrates. Most 
of these processes result in various forms of carbon structures such as bilayer, trilayer, 
and few-layer graphene (depending on the basal plane counts), 2D films, polycrystalline 
and nanocrystalline forms (depending on grain size), twisted graphene, and a number of 
unintentionally functionalized products containing OH groups or N atoms. 
 
1.1.2.1 Graphene on oxide substrates 
In general, evolution of CVD graphene takes place via two distinct processes: catalytic 
growth at high and low temperatures, and the high temperature spontaneous growth. 
The catalytic growth includes deposition on transition metal substrates such as Cu via 
surface adsorption and Ni via surface segregation or precipitation due to the difference 
in solubility of C atoms between the two (<0.001 on Cu,∼1.3 on Ni at 1000 °C) (X. Li, Cai, 
Colombo, & Ruoff, 2009; Wu et al., 2012). However, these processes require further 
chemical treatment to transfer the grown sheets, through which often contamination 
and/or defects are introduced. The second approach is a transfer free deposition via 
spontaneous dehydration of the C precursor on a variety of oxide substrates. This 
includes deposition on sapphire, quartz, and SiO2 at high temperature and on MgO and 
ZrO2 at low temperature (J. Park, Lee, Choi, Hwang, & Song, 2015). The spontaneous 
dehydration of C precursor can be done on virtually any nonmetallic substrates that 
withstand high temperatures of hydrocarbon pyrolysis (1000 °C) without a need for a 
catalyst (Cole, Lindvall, & Yurgens, 2012).  
 

 
Figure 1.2 Energy path for the sequence of graphene nucleation on γ-Al2O3 substrate via low 
temperature catalytic and high temperature spontaneous (non-catalytic) processes. The concept is 
adopted from (Park et al., 2015). 

Among the available oxide substrates, γ-Al2O3 offers a unique potential for graphene 
growth owing to its weak bonding with carbon and a promising application range due to 
its dielectric nature with a low leakage current density provided by its large band gap 
(~8.2 eV) (Tanner, Perng, Frewin, Saddow, & Chang, 2007). The highly reactive 
tricoordinated Al (AlIII) sites on the surface act as catalytic sites that lower the activation 
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energy for a surface-regulated nucleation and growth. These sites can accommodate 
decomposed C adatoms which attach themselves to sp2 graphene rings via diffusion 
process (Lee, Park, Park, Choi, & Song, 2017). Recently, using hot-walled CVD, 
polycrystalline graphene was grown on γ-Al2O3 nanofibers and demonstrated a 
remarkable potential for various technological applications (Hussainova et al., 2015). 
Figure 1.2 is a demonstration of the barriers on activation energy for graphene 
nucleation and sp2 formation for low temperature catalytic growth and high temperature 
spontaneous dehydrogenation of CH4. 
 
1.1.3 Spark Plasma Sintering 
Spark Plasma Sintering (SPS) is a sintering technology that combines uniaxial mechanical 
pressure and heating that is resulted from electrical discharge. In this approach, raw 
powder or pre-sintered green body is placed in a graphite die, mechanical pressure is 
applied onto the top and bottom punches, and DC current is passed through the die or 
the sample (depending on the resistivity of the sample). In many cases where the 
electrical conductivity of the sample (either at room temperature or at elevated 
temperature) is higher than the graphite die, current is forced through the sample,  
which results in local joule heating. This phenomenon, results in heating rates as high as  
1000 °C/min. Therefore, SPS allows significantly faster sintering rates as compared to 
conventional convection based sintering approach, which often is a crucial consideration 
in sintering of ceramics as an effective measure to limit grain growth during densification 
(Guillon et al., 2014).  

1.2 Graphene-ceramic nanocomposites 
Since the introduction of graphene and carbon nanotubes, a significant interest in the 
topic of ceramic matrix composites added by graphene, graphene related materials 
(GRM), and CNTs has proven many possible applications. Ceramic precursors often bond 
with graphene at molecular level, creating hierarchical structures with anisotropic 
properties (Huang & Wan, 2020). It has been shown that graphene and GRMs such as 
graphene oxide (GO), reduced graphene oxide (rGO), and graphene nanoplatelets (GNP), 
as well as single-wall carbon nanotubes (SWCNT), and multi-wall carbon nanotubes 
(MWCNT) can act as reinforcing agents and fillers to provide electrical, thermal, chemical, 
and electromagnetic performance (Ramírez et al., 2021; Singh et al., 2011). In the following 
sections, a brief overview of the state of the art in the areas of thermal, thermoelectric, 
and microwave absorbing graphene-based composites is provided. 

1.2.1 Thermal applications 
Although there are similarities in phonon dispersion and crystal lattice inharmonicity of 
graphene and graphite, it has been experimentally shown that thermal transport is more 
efficient in graphene than in the basal planes of graphite (Balandin, 2011). The first 
reports on thermal conductivity of a suspended single-layer graphene have revealed a 
room temperature value of∼2000 W·m–1·K–1 (Balandin et al., 2008). This is attributed to 
the fact that the mean free path (MFP) of the long-wavelength phonons in a 2D graphene 
sheet is only limited by the size of the graphene sheet and is experimentally proven to 
have logarithmic divergence to intrinsic values as the size increases (Xu et al., 2014).  
In other studies, it was observed that thermal transport crossover from 2D graphene to 
3D graphite for few layer graphene when the number of layers change from 2 to ~8 
(Balandin, 2011). This is explicitly related to the suppressed Umklapp scattering in single 
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layer graphene (limited only by the boundary scattering) which unlike for 3D systems, is 
insufficient for restoration of thermal equilibrium. This excellent property coupled with 
versatility of graphene and its related materials initiated a vast number of studies 
regarding the application of graphene in advanced thermal management (Malekpour & 
Balandin, 2018). CVD graphene coating on porous foams of Al2O3 have shown low sheet 
resistivity of 0.11 Ω·sq–1 and thermal conductivity of 8.28 W·m–1·K–1 (Zhou et al., 2013). 
In a different work, (Zhang et al., 2017) have produced a hybrid material consisting of 3D 
graphene template coated by Al2O3 nanoparticles using atomic layer deposition (ALD). 
The remarkably lightweight resulting product has shown super-elastic response, 
electrical conductivity of 102 S·m–1 and insulating thermal conductivity of 0.05 W·m–1·K–1. 
Addition of 16 vol.% GNPs in the matrix of Si3N4 has resulted in an anisotropic thermal 
response with in-plane values reaching 40 W·m–1·K–1, twice the thermal conductivity of 
the matrix (Miranzo et al., 2012). In contrast, introducing GNP and CNT to the matrix of 
Al2O3 is often associated with a decrease in room temperature thermal conductivity 
(Çelik, Çelik, Flahaut, & Suvaci, 2016; Zhan & Mukherjee, 2005). However, by increasing 
the length of MWCNT to 1–7 μm, (Kumari et al., 2008) have obtained thermal 
conductivity value of∼90 W·m–1·K–1 at 100 °C for a composite with 7.39 wt.% of MWCNT 
in Al2O3 matrix sintered at 1550 °C. This increase was attributed to the increased MFP 
due to the high aspect ratio of the filler MWCNTs and reduced tube-tube interactions, 
which promoted a more dominant contribution of Umklapp scattering. It was also found 
that the thermal conductivity of such structures is highly dependent on the bulk density 
and sintering temperature (Kumari et al., 2008). 

1.2.2 Thermoelectric applications 
Tunability of graphene and GRMs has attracted attention in the field of thermoelectric 
(TE) materials. Thermoelectric energy harvesting is a technologically viable solution that 
utilizes Seebeck effect through which, a temperature gradient on two sides of a material 
is converted into a potential difference (voltage). The opposite of this process is called 
Peltier effect with applications in cooling systems. The efficiency of a thermoelectric 
material can be quantified by the dimensionless thermoelectric Figure of Merit (ZT) 
which is directly proportional to the Seebeck coefficient and electrical conductivity of the 
material; and is inversely proportional to its thermal conductivity (Equation 1). 
Therefore, a high efficiency can be achieved through designing a material with high 
Seebeck coefficient and electrical conductivity, while keeping thermal conductivity low. 
Though, the tradeoff that exists between the three properties makes the design 
challenging (Ju, Kim, Yook, Han, & Cho, 2019; Russ, Glaudell, Urban, Chabinyc, & 
Segalman, 2016). The magnitude of the Seebeck coefficient and value of electrical 
conductivity in a material are closely in connection with the shape of the density of states 
near the Fermi level. Equation 2 shows the correlation of thermopower (Seebeck 
voltage, α) and Fermi energy (Ef). In this equation, KB is the Boltzmann constant, T is the 
temperature, e is the elementary charge, and N(E) is the density of states. 

 

𝑍𝑍𝑍𝑍 = 𝜎𝜎𝑆𝑆2𝑇𝑇
𝑘𝑘

 (1) 
 

𝛼𝛼�𝐸𝐸𝑓𝑓� = −𝜋𝜋
3
𝑘𝑘𝐵𝐵
𝑒𝑒
𝑘𝑘𝐵𝐵 �

𝜕𝜕ln [𝑁𝑁(𝐸𝐸)]
𝜕𝜕𝐸𝐸

�
𝐸𝐸−𝐸𝐸𝑓𝑓

 (2) 
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In this regard, carbon family, in particular graphene and GRMs, offer promising 
potential for tuning their electronic properties to mitigate the requirements of a high 
efficiency TE material (Wei et al., 2020). Carrier density in graphene and GRMs can be 
precisely tuned to correspond to the optimal Seebeck coefficient and electrical 
conductivity following the σ = neμ relationship and Equation 1. Introducing bandgap 
through doping, controlling carrier density, and Fermi engineering, all have direct 
influence on the Seebeck coefficient and subsequently ZT. Additionally, employing 
graphene and GRMs in the matrix of traditional TE materials, can decrease thermal 
conductivity of the host matrix by introducing interface scattering and thermal boundary 
resistance (Blackburn, Ferguson, Cho, & Grunlan, 2018). Figure 1.3 shows the correlation 
between various properties and carrier density in a TE material. 

 

 
Figure 1.3 Schematic depicting co-dependence of various TE properties on carrier density (over 
three orders of magnitude). The figure is reproduced with permission (Blackburn et al., 2018). 

It is demonstrated that incorporation of rGO in undoped perovskite SrTiO3 weakens 
the double Schottky barrier and thereby simultaneously increase carrier concentration 
and mobility (Rahman et al., 2019). It was shown that addition of 1 wt.% rGO to SrTiO3 

yields ZT of 0.25 at 1000 K (Srivastava et al., 2019). The ZT value of SrTiO3 (0.22 at 800 K)  
was almost doubled by incorporation of 0.6 wt.% rGO which strongly prohibited  
the phonon transport and increased electrical conductivity (Okhay et al., 2019). 
Incorporation of 7 wt.% rGO in Si3N4 yielded ZT value of 0.09 at 300 K (Ramirez, Leborán, 
Rivadulla, Miranzo, & Osendi, 2016). (Ghosh, Harish, Ohtaki, & Saha, 2020) achieved ZT 
value of 0.01 at 300 K by incorporation of 10 wt.% graphene and ZnO in a cement 
composite. 

1.2.3 Electromagnetic interference shielding and RF absorption 
Electromagnetic (EM) radiations play a major role in everyday life. These radiations 
ranging from radio frequencies, through visible spectrum, to cosmic rays; are emitted  
by natural sources in cosmos such as the sun and artificial EM sources such as antennas 
and electronic devices. The ability to control the undesirable portion of these radiations 
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and channel them towards a safe path is an essential design requirement that its  
state-of-the-art must go hand in hand with technological advancements. EM interference 
(EMI) shielding is defined as the reduction in the power of the incident wave by one or 
combination of the three phenomena of reflection, absorption, and multiple internal 
reflections (Figure 1.4) (Sebastian, 2017). For most application, such as those in 
miniature devices, microelectronics, and antenna designs, absorption is the desired 
mode of shielding (H. Chen et al., 2019).  
 

 
Figure 1.4 Mechanisms of interaction of electromagnetic wave with matter. 

The challenge of designing an efficient EM absorber is embedded into the 
characteristic nature of EM radiations and their modes of interaction with matter. 
In fact, every portion of this wide range of wavelengths undergoes a different mode(s) 
of interaction/polarization while encountering matter. Therefore, to design a viable 
solution for EM absorption, one has to consider the bandwidth restrictions, and 
correspondingly, pick the right materials and structural geometries. Nowadays, with the 
extensive use of portable electronics and radio frequency developments such as 5G 
network, the microwave frequencies have become the most widely used frequency 
range for their applications in stealth, communications, and information technologies. 
Microwave absorption has recently emerged as an area of nanomaterial development 
since the intrinsic behavior of the microwave absorbing materials (MAMs) dictates their 
efficiency and modes of interaction with microwave radiations (Green & Chen, 2019). 
These materials often require functionalization at the nanoscale in order to tune their 
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permittivity and permeability to achieve the desired absorption efficiency. Microwave 
radiations can be attenuated by an external impact on their electric or magnetic 
component. The attenuation of the electric component can be done via atomic, 
electronic, orientational, and space charge polarizations, each having their own cut-off 
frequencies (Figure 1.5). Among them, space charge polarizations emanate from the 
presence of various interfaces in the structure such as composites, core-shell fillers, etc. 
Similarly, the magnetic component can be influenced by mechanisms of domain wall 
resonance, natural resonance, and eddy current loss (Green & Chen, 2019).  

 

 
Figure 1.5 Frequency dependence of dielectric polarizations. 

Due to their various response times, each of those phenomena are effective at certain 
frequency range (Sebastian, 2017). Therefore, a precise structuring and fine-tuning of 
the properties can give rise to high performance microwave absorbers that employ 
synergetic abilities to cover a broad range of spectrum. Specifically, the magnetic 
component is effective at the lower end of the microwave spectra <10 GHz, while at 
higher frequency range the dielectric loss is responsible for microwave absorption 
(Thomas, 2018). Carbon nanomaterials, including carbon nanotubes (CNT) (Shi & Liang, 
2008) (Vázquez & Prato, 2009), carbon fibers (Rohini & Bose, 2019), nanocoils (Wang  
et al., 2012), graphene, and GRMs (H. Chen et al., 2019) are considered as competitive 
candidates for MAMs due to their outstanding features of lightweight, large specific 
surface area, physical and chemical stability, and excellent dielectric loss. In addition, 
embedding carbon-based fillers in ceramic matrix materials with low permittivity, 
promotes additional space-charge polarization, and multiple internal reflection, which 
can strongly improve absorption performance (Micheli, Apollo, Pastore, & Marchetti, 
2010). (Yuchang, Qinlong, Fa, & Wancheng, 2016) tested a 1.5 mm composite with 
incorporation of 2 vol.% GNP in the matrix of Al2O3 at X-band. The result showed a -25 dB 
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narrowband absorption peak at ∼10 GHz while temperature dependence test showed a 
full X-band 25 dB EMI shielding effectiveness (EMI SE) at 100 °C. It is worth noting that  
X-band is intensively employed for satellite communications, weather monitoring, 
terrestrial mapping, and radar applications. (C. Chen et al., 2018) embedded 2.5 vol.% 
graphene nanosheets in MgO matrix and obtained a full X-band -10dB absorption with a 
narrowband -36.5 dB peak centered at 10.7 GHz. Several other works have portrayed the 
significant potential of carbon structures such as graphene and GRMs embedded into 
ceramic matrices for EM absorption at microwave and terahertz frequencies (Delfini  
et al., 2018; Meng et al., 2018).  

1.2.4 Multilayer and hierarchical structures 
In addition to monolithic graphene-ceramic composite structures, double-layer and 
multilayer designs can help to reduce surface scattering and enhance absorption. In an 
ideal case of MAM, the surface impedance equals that of the free space (Z0 = Zin). If this 
condition is met, the surface reflection is avoided, and the entire power of the incident 
wave is transferred to the absorber (no surface scattering). Impedance matching is a 
technique that can be used as an effective tool by designing a lossless window layer on 
the surface that modulates the bulk’s impedance. Addition of electrically conductive 
graphene and GRMs into dielectric matrices can decrease impedance of the bulks whose 
magnitudes are affected by the fillers’ contents. As an impedance mismatch between the 
surface of an absorber and the impedance of the free space is the root cause of surface 
scattering, which limits power transfer to the absorber structure, an additional surface 
layer can match the impedance of the free space and minimize power loss at the surface 
(Figure 1.6a).  

 

 
Figure 1.6 Microwave absorber designs (a) double layer; (b) functionally graded multilayer 
absorber. The dash lines are the representation of the EM field with electric (E) and magnetic (H) 
component propagating through the absorber layers. 

Furthermore, when EM radiations encounter an absorber at angle θ1, if the refractive 
index of the absorber (n2) differ from the medium in which the radiations are propagating 
(n1), a reflection phenomenon occurs that has angle θ2 following Snell’s law (Figure 1.6a). 
Design of a functionally graded multilayer structure, in which the conductive filler 
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content is gradually increasing on the path of the incoming incident wave, ensures an 
impedance gradient, which greatly enhances the attenuation ability of the bulk as a result 
of the efficient use of the entire cross-section of the bulk (Figure 1.6b). 

A similar strategy was used to prepare multilayers of CNTs/SiO2 with a gradient in CNT 
content comprising of 2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.% layers. The X-band 
absorption result was compared to that of a homogenous composite sample with 5 wt.% 
CNTs. It was shown that the insertion loss stayed the same while absorption efficiency 
was greatly improved in the whole X-band (M. Chen et al., 2011). Graphene based 
microwave absorbers with multilayer structures can be tuned by tailoring the intrinsic 
properties of the utilized materials, controlling the composition of the layers, and tuning 
the thicknesses of the layers. This tuning ability allows designing high efficiency 
broadband or frequency specific composite microwave absorbers (W. Li et al., 2017; 
Mencarelli, Pierantoni, Stocchi, & Bellucci, 2016; Micheli et al., 2012; Panwar & Lee, 
2019; K. Park, Lee, Kim, & Han, 2006; Ye et al., 2018). 

1.3 Objectives of the study 
This research was motivated by the pressing need for lightweight, cost-effective, and 
high-performance microwave absorbers. Graphene augmented alumina nanofibers (GAIN) 
represent a remarkable potential for applications as high-performance microwave 
absorbers, which stems from their core-shell conductive-dielectric-conductive 
morphology and intrinsic electronic properties of polycrystalline graphene. With the 
extensive use of the portable electronics and radio frequency developments such as 5G 
network, design and exploration of high-performance and lightweight microwave 
absorbing materials are highly desired. Suitable microwave absorbing materials require 
functionalization at nanoscale to acquire on-demand tunability in order to match them 
with applications such as broadband or frequency specific absorbing components. 
Therefore, the overall objective of the study is the development, optimization and 
evaluation of anisotropic hierarchically structured composite as an efficient microwave 
absorber. To achieve the goal, the hybrid graphene-alumina nanofibers were 
incorporated into the matrix of α-Al2O3 to prepare an efficient multilayered architecture 
for providing a range of the required properties including but not limited to enhanced  
X-band absorption, high strength, and anisotropic thermal and electrical properties.   
 
The specific goals of the work are as following: 
 

I. Design and deposition of graphene layers onto γ-Al2O3 nanofibrous substrate and 
thorough characterization of their structural features, and transport properties. 

II. Fabrication of homogeneous composite structures of GAIN/α-Al2O3 with various 
contents of GAIN by spark plasma sintering to study the influence of GAIN fibers 
on the microwave absorption performance of the host matrix. 

III. Comprehensive study of phase and microstructural evolution, electronic and 
dielectric properties, thermal transport, thermoelectric effect, and microwave 
absorption performance of the developed homogeneous composite structures as 
a function of added GAIN fillers. 

IV. Design a protocol for fabrication of sandwiched and multilayer structures of 
GAIN/α-Al2O3 and optimization of their sintering routes.  
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V. Design and simulation of the microwave absorption performance of functionally 
graded multilayer structures to enhance power transfer and absorption 
performance of the bulk. 

VI. Manufacturing and characterization of the functionally graded multilayer 
structures in terms of graphene structure, microstructural evolution, mechanical 
properties, and microwave absorption performance at X-band. 

VII. Design functional multilayer structure with a full X-band absorption. 
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2 Materials and methods 

2.1 Precursors 

2.1.1 Alumina nanopowder 
Commercially available ultra-fine α-alumina (purity >99.99 %, TM-DAR, Taimei Chemicals 
Co, Ltd, Japan) with an average particle size of 100 nm was used as the matrix material 
in homogeneous composites and multilayer structures. The manufacturer specifies the 
density of 3.96 g·cm3. 

2.1.2 Alumina nanofibers 
Alumina nanofibers network, produced by a recently developed process of controlled 
liquid phase oxidation from aluminum melt (Kutuzov, 2013) was employed as the 
substrate for CVD graphene deposition. The network represents a highly aligned 
mesoporous structure with a single nanofiber diameter ranging from 5 up to 10 nm and 
aspect ratio of up to 107 (Aghayan, Hussainova, Gasik, Kutuzov, & Friman, 2013). Optical 
image of a typical block of the fibers before CVD processing together with SEM and TEM 
images are provided in Figure 2.1. 
 

 
Figure 2.1 (a) Optical image of a block of alumina nanofibers; (b) SEM image of the cross section of 
the block; (c) SEM image of the block portraying the self-alignment of the nanofibers; (d-e) HR-TEM 
images of the fibers. 

2.1.3 Graphene augmented alumina nanofibers 
Graphene augmented inorganic nanofibers (GAIN) were produced using a single step 
catalyst-free hot-wall CVD technique in a tube furnace kept at 1000 °C for 30 min total 
time. The baseline process is detailed in (Ivanov et al., 2015). A modification on the 
baseline process in terms of flow rates and dwell time was made in order to minimize 
graphene layer count while maintaining homogeneous and conformal deposition. 
Aligned γ-Al2O3 bundles of 4 cm long and 0.7 × 0.7 cm2 in cross section were cut and used 
as substrate for graphene deposition. Dried weight of the γ-Al2O3 nanofibrous bundle 
prior to the CVD deposition was ∼0.15 g. Firstly, the nanofibers were loaded into the 
tube furnace and dried for 10 minutes in air (open furnace) at 1000 °C to remove organic 
residues and OH adatoms. Second, the furnace was sealed on both sides and the fibers 
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were treated in 1000 sccm of N2 for 10 minutes to further purify the substrate from 
surface adsorbed impurities. Third, N2 was closed, and deposition started using 25 sccm 
H2 and 50 sccm CH4. In this approach, H2 acts as etching gas to remove loosely bonded 
and out of plane carbon atoms promoting more sp2 hybridization. The process was 
stopped after 10 minutes of deposition and coated fibers were quenched to room 
temperature in 4000 sccm N2 stream to prevent reduction of carbon at elevated 
temperature. Optical images and schematic of GAIN fibers are provided in Figure 2.2.  
 

 
Figure 2.2 (a) Optical image of a γ-Al2O3 nanofibers bundle before CVD; (b) optical image of the 
GAIN obtained from CVD process; (c) schematic representation of polycrystalline graphene 
augmenting alumina nanofibers (constructed using VESTA by jp-minerals and Nanotube Modeler 
by JCrystal Soft). 

2.2 Processing routes 
Processing of the composites consisted of powder processing for preparation of 
homogeneous composites and solution-based filtration technique for implementation of 
the layered structures. A schematic of the full process from CVD coating to SPS is 
provided in Figure 2.3. 

2.2.1 Powder processing 
To prepare composites of GAIN and α-Al2O3, the fibers were ground in a mortar, 
dispersed in ethanol, then sonicated using a sonication rod (Hielscher UP400S) for 20 min 
with 20 W and procedure of “2 s on – 1 s off” as detailed in Paper I. The suspension was 
dried at 70 °C for 12 h in air; and GAIN fibers of 300–600 nm in length were collected.  
To prepare the power compositions, the as-prepared GAIN and α-Al2O3 nanopowder 
were weighed corresponding to 1, 3, 5, 15, and 25 wt.% of GAIN, dispersed in ethanol 
and further sonicated for 20 min with 20 W and procedure of “2 s on – 1 s off”.  
The powder compositions were dried at 70 °C for 12 h in a muffle furnace in air. In order 
to prepare the multilayer structures, the as-prepared short GAIN fibers were weighed 
and mixed with corresponding amounts of α-Al2O3, dispersed in chloroform (CHCl₃) and 
sonicated for 20 min with 20 W and procedure of “2 s on – 1 s off” as detailed in Paper I. 
The suspensions were directly used for fabrication of multilayers. 

2.2.2 Colloidal suspension 
The colloidal suspension obtained from the sonication of GAIN and α-Al2O3 in chloroform 
was used in layer-by-layer deposition directly inside SPS die (Figure 2.3). Prior to that, 
two green pellets of α-Al2O3 nano-powder corresponding to a sintered thickness of  
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2–10 mm (varied for various studies) were produced without plasticizer under 5 MPa of 
pressure to insert as the top and bottom layers of the structures. One of the green pellets 
was placed inside the SPS die, the die was placed on a glass flask coupled with a vacuum 
pump. The colloidal suspension of GAIN and α-Al2O3 was dropped slowly using a pipette 
and filtered through the die. The process could be repeated as many times as needed to 
prepare designed architecture. After the filtration, another green pellet was inserted in 
the die (as the top layer) and the entire structure was further rinsed by filtration of 
chloroform. Then, the die was removed and placed in a muffle furnace for drying at  
70 °C for 12 h in air. 
 

 
Figure 2.3 Processing steps for fabrication of composite structures. 

2.2.3 Consolidation approaches 
The powder compositions were weighed for desired thickness of the final specimen 
(according to theoretical density calculations using the rule of mixtures), loaded to SPS 
dies of 20 and 30 mm in diameters and consolidated using spark plasma sintering  
(FCT System GmbH SPS furnace, Germany). Two separate approaches employed for 
consolidation of the structures are as follows: I) 1150 °C, 75 MPa uniaxial pressure in a 
vacuum (cycle designation – LT); II) 1450 °C, 50 MPa uniaxial pressure in 1 bar N2 (cycle 
designation – HT). The SPS cycles for temperature and force as a function of process time 
for both approaches are illustrated in Figure 2.4. To prepare the sintered bulks for 
physical characterizations, approximately 200 µm was grinded off from both sides of the 
samples to eliminate impurities due to diffusion of carbon into the cylinder top and 
bottom faces. Lastly, the procedure was complete by polishing down to 0.5 µm using 
diamond discs and to 0.05 µm using diamond slurry. 
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Figure 2.4 Spark plasma sintering cycle for consolidation of structures using (a) high temperature 
with dwell temperature of 1450 °C; and (b) low temperature approach with dwell temperature of 
1150 °C. 

2.3 Characterization methods 
In this section, characterization methodologies and analysis methods are described.  

2.3.1 Microstructural analysis 
For microstructural characterization of the GAIN fillers and composite structures, a field 
emission scanning electron microscope (FEG-SEM Zeiss ULTRA-55, Germany) equipped 
with EDS (energy dispersive X-ray spectrometer, BRUKER, Esprit 1.82 system, USA)  
with voltage of up to 20 kV and magnifications up to 50 kX was used. Some of the 
microstructural analysis in this study were carried out using a second electron 
microscope (HR-SEM Zeiss Merlin, Germany) equipped with an energy dispersive X-ray 
spectrometer (Bruker EDX-XFlash6/30 detector) with operating voltage of 5 kV. Grain 
size analysis was carried out by image analysis of SEM images considering at least 500 
readings using Image Pro Plus 7.0 package by Media Cybernetics. All the SEM images for 
this analysis were recorded at the same magnification (5000x) and at least three 
micrographs from each sample were analyzed to get reliable statistics. Resulting size of 
the GAIN fibers after solution-based mixing process was determined by laser scattering 
method using Mastersizer 3000, Malvern Panalytical, equipped with a λ = 632.8 nm  
He–Ne laser. The morphology of the hybrid GAIN was examined by JEOL JEM-2800 high 
resolution transmission electron microscope (HRTEM, JEOL Ltd., Tokyo, Japan). 
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2.3.2 Phase characterization 
Carbon content of the CVD graphene augmented alumina nanofibers was determined 
using a LECO CS 200 Carbon-Sulphur analyzer. Three measurements were made, and the 
arithmetic mean was used to calculate the corresponding carbon content of the composites.  

Raman spectroscopy was carried out using Horiba LabRAM 800 high-resolution 
spectrometer equipped with a 532 nm laser excitation wavelength at room temperature 
(RT) and a 50X objective lens (NA = 0.95). The incident laser power was 2–7 mW. Raman 
spectral resolution of the system was 1.5 cm−1. Raman mapping of the multilayers was 
carried out by confocal Raman microscopy (Witec ALPHA 300RA) employing a 532 nm 
Nd:YAG laser at RT equipped with a 20× objective lens. The grating of 600 g/mm  
BLZ = 500 nm and incident laser power of 0.17 mW was used. The optical diffraction 
resolution of the confocal microscope was limited to about 200 nm laterally. Raman 
spectral resolution of the system was 0.02 cm–1 under the best measurement conditions. 
A piezoelectric scanning table allowed three-dimensional displacements in steps of 3 nm, 
giving a very high spatial resolution for the confocal Raman spectroscopy.  

Crystalline phases were characterized by Rigaku, Japan, X-ray diffraction equipment 
(XRD) with a copper sealed 2 kW tube target producing Cu Kα and Kβ emission lines from 
a generator operating at 40 kV. The collected data was acquired and analyzed using 
Rigaku SmartLab SE software with a D/teX Ultra 250 1D detector.  

2.3.3 Mechanical properties 
The densities (ρ) of the sintered structures were determined using the Archimedes 
method, ME204 Mettler Toledo, United States, with distilled water as the immersive 
media. The rule of mixtures using the manufacturers’ density specification for alumina 
powder (3.96 g·cm−3), alumina fibers (3.65 g·cm−3), and published density value for 
graphene (2.2 g·cm−3) was used to calculate the relative densities.  

Vickers microhardness tests were carried out under 4.9 N load (HV0.5) using BUEHLER 
MICROMET 2001 equipped with a square-based orthogonal pyramidal diamond indenter. 
The HV values were converted to SI unit using Equation 3 according to Annex F,  
ISO 14577–1:2015. In this equation, HV is the Vicker’s hardness, HIT is the indentation 
hardness, AP is the projected area of the indenter, AS is the contact surface area, and g is 
the gravitational acceleration equal to 9.81 m·s2. 

HV = HIT×Ap
g×As

= 0.0945 HIT GPa (3) 

Nanoindentation was carried out using NanoTest Vantage (MicroMaterials ltd, UK) 
nanoindenter equipped with a diamond Berkovich tip. Prior to the test, calibration was 
performed on the Berkovich diamond indenter with hardness of 1140 GPa and Poisson’s 
ratio of 0.07 using a standard fused silica specimen. Loading was performed at 10 mN/s 
with dwell time of 5 s and unloading rate of 10 mN/s. The drift rate was preset to  
<0.05 nm/s before the beginning of each indentation test. 

2.3.4 Electrical transport measurement 
To measure in-plane resistivity of the multilayer structures, a two-probe setup coupled 
with a tube furnace operating from room temperature to 400 K was used. To prepare the 
contact areas, first, using a Cressington 308R sputtering system, 80 nm of Pt was 
deposited on the opposite lateral faces of the rectangular bar shaped specimens, then 
500 µm Ag conductive paste was applied, and lastly, samples were thermal treated at 
100 °C for 12 h.  
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The same procedure was employed to prepare contact areas of homogeneous 
composites and GAIN fibers for a five terminal method to be measured using a physical 
property measurement system (PPMS; Quantum design; equipped with 9 T magnetic 
field) with Hall bar configuration from 4 K to 400 K. In this method, resistance and Hall 
resistance are simultaneously measured (Figure 2.5).  
 

 
Figure 2.5 Schematic of a sample mounted in five terminal configurations for simultaneous 
measurement of resistance and Hall resistance using PPMS. 

2.3.5 Thermal transport measurement 
Simultaneous measurement of thermal conductivity, diffusivity, and specific heat 
capacity was done on homogeneous composites and multilayers employing transient 
plane source method using HotDisk 2500S equipment. Two identical specimens were 
placed in between two XPS insulators; and 5501 Kapton sensor with 6.4 mm diameter 
was placed between the two specimens for a double-sided isotropic measurement 
(Figure 2.6). For this measurement cylindrical samples with 30 mm diameter and 20 mm 
thickness were used. The power of 300 mW and 40 s probing time was used for every 
reading. In total, 10 readings for each sample were recorded and the arithmetic mean 
average was used for analysis.  

For in-plane and cross-plane thermal transport measurement, laser-flash method 
(Thermaflash 2200, Holometrix, Netzsch GmbH, Selb, Germany) was employed.  
The in-plane thermal diffusivity (α||) (perpendicular to the SPS pressure axis) was 
obtained for discs with 20 mm diameter and 600 µm thickness. The through-plane 
thermal diffusivity (α⊥) (Transversal to the SPS pressure axis) was obtained for square 
samples (8.8 × 8.8 mm2) from 298 K to 1073 K. Prior to the procedure, thin matte graphite 
layers were sprayed onto the surfaces of the samples exposed to the laser excitation;  
to avoid energy loss due to surface scattering and maximize absorption. 
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Figure 2.6 Measurement setup for double-sided transient plane source (TPS) thermal transport 
measurement. 

2.3.6 Thermoelectric characterization 
For low temperature thermal transport and thermoelectric study, a physical property 
measurement system (PPMS, Quantum Design GmbH, USA); equipped with 9 T magnetic 
field) was used. A set of specimens were cut using a precision diamond wheel to bars of 
5 × 10 × 1 mm3. Simultaneously, resistivity (ρ), Seebeck coefficient (S), and thermal 
conductivity (k) were measured using the thermal transport puck (TTO) of the PPMS on 
the rectangular bars with the four-probe contact arrangement (Figure 2.7). In this 
procedure, at the steady state, a small amount of heat is applied to one end of the 
rectangular bars and simultaneously temperature difference and Seebeck voltage are 
recorded. The Seebeck coefficient is estimated by dividing the Seebeck voltage by the 
temperature difference. The in-plane thermal conductivity (k||) is calculated using the 
dimensions of the specimen, distance between the probes, and the temperature 
difference. 

 
Figure 2.7 Image of a GAIN/α-Al2O3 specimen mounted on the puck of PPMS with four probes placed 
prior to thermoelectric test. 

2.3.7 Dielectric characterization 
Complex permittivity and permeability of the composite structures were determined 
using two-port transmission line method in a rectangular waveguide (WR-90).  
In accordance with ASTM D5568, the scattering parameters [S11(S22) and S21(S12)] 
were recorded at X-Band frequencies (8.2–12.4 GHz) using an N5222A PNA Vector 
Network Analyzer (Keysight Technologies) on the fundamental waveguide mode TE10 
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(transverse electric) (Figure 2.8). The N1500A Materials Measurement Suite (Keysight 
Technologies) was used to directly convert the obtained S-parameters to complex 
permittivity and permeability using the Nicholson–Ross–Weir (NRW) method. Prior to 
the measurement, the specimens were cut using a precision diamond (ATM BRILLANT 
220) saw and fine polished to the exact geometrical requirement of the waveguide  
(22.86 × 10.16 mm2). In accordance with ASTM D5568, the final transverse geometries 
of all samples were in the ±100 μm range. 

 

 
Figure 2.8 Measurement setup for microwave S-parameters and dielectric properties using two-port 
network analyzer. A one-port version of the setup backed with short was used for microwave 
absorption characterization. 

2.4 Design and simulation 
The obtained dielectric parameters were used in impedance matching technique in order 
to design functionally graded multilayer structures. Considering the samples are backed 
with a perfect electric conductor (PEC) the input impedance of a homogeneous bulk can 
be calculated using Equation 4. In this equation, where Z0 is the characteristic impedance 
of free space (377 Ω), Zin is the input impedance of the absorber, f is the measured 
frequency, d is the thickness of the material, and c is the speed of light. Equation 5 is 
used to calculate the input impedance of a multilayer with i number of layers in which 𝜂𝜂𝑖𝑖  
is the characteristic impedance of each layer which is calculated using 𝜂𝜂𝑖𝑖 = 𝜂𝜂0�𝜇𝜇𝑟𝑟𝑖𝑖 𝜀𝜀𝑟𝑟𝑖𝑖⁄  

and propagation constant γ𝑖𝑖 can be calculated using γ𝑖𝑖 = 𝑗𝑗(2𝜋𝜋𝜋𝜋/𝑐𝑐)�𝜇𝜇𝑟𝑟𝑖𝑖𝜀𝜀𝑟𝑟𝑖𝑖. Using 
Equation 6, the reflection loss (RL) and correspondingly absorption efficiency can be 
calculated. 

 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0�
𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟
𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝑗𝑗 �2𝜋𝜋𝑓𝑓𝜋𝜋

𝑐𝑐 √𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟��  (4) 

Zin = 𝜂𝜂𝑖𝑖
[Zi−1+𝜂𝜂𝑖𝑖 tanh (γ𝑖𝑖𝜋𝜋𝑖𝑖)]
[𝜂𝜂𝑖𝑖+Zi−1tanh (γ𝑖𝑖𝜋𝜋𝑖𝑖)]  (5) 

 

𝑅𝑅𝑅𝑅(𝑑𝑑𝑑𝑑) = −20𝑙𝑙𝑙𝑙𝑙𝑙 �𝑍𝑍𝑖𝑖𝑖𝑖−𝑍𝑍0
𝑍𝑍𝑖𝑖𝑖𝑖+𝑍𝑍0

�  (6) 
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To optimize layer thicknesses and compositions, an algorithm was developed in 
Matlab based on Monte Carlo simulation. Monte Carlo simulation relies on random 
sampling in order to find accidental solutions to otherwise deterministic equations of 
impedance and surface reflection loss. In this work, utilizing Monte Carlo, the defined 
boundary conditions stipulated total thickness limitations, and RL <-10 dB, while for each 
iteration 3×107 random layer thickness values were solved. Some of the Monte Carlo 
findings were chosen for implementation, others are reported as potential multilayer 
configurations and future work.  

Ansys HFSS was used to simulate the multilayer structures considering a partially filled 
rectangular waveguide with the TE10 mode incident. The simulation results were used 
to compare power transfer rates variations between simulation and experiment.  



35 

3 Results and discussions 
This section summarizes the cumulative data on characterization of GAIN fibers, 
homogeneous GAIN/α-Al2O3 composites, and functional multilayers.  

3.1 Characterization of the precursors 

3.1.1 GAIN fibers 
After CVD graphene deposition on γ-Al2O3 nanofibers, phase identification using X-ray 
diffraction and Raman spectroscopy; and morphological features using TEM were 
studied to characterize the resulting GAIN fibers (Paper I, III, IV). Additionally, using gas 
chromatography, carbon content was measured at 12 wt.% estimated from mean value 
of five readings. XRD has shown no phase transformation (γ→α) after the CVD process 
performed at 1000 °C and for post thermal treatment of GAIN at 1150 °C in air. However, 
a partial γ→α transformation in the case of heat treatment at 1450 °C in N2 and a full 
transformation after heat treatment at 1450 °C in air is detected (Figure 3.1). The heat 
treatment conditions were chosen to replicate the sintering temperature of the 
composites in order to elucidate the temperature effect on the phase transformation 
during consolidation. 

 
Figure 3.1 X-Ray diffraction spectra of pristine γ-Al2O3 nanofibers, fibers after CVD, and a series of 
thermal treatments on GAIN. 
 

A schematic representation of GAIN, optical and SEM images of alumina nanofibers 
before and after CVD, and TEM images of GAIN are shown in Figure 3.2a–h. Raman peak 
positions and FWHMs obtained from Lorentzian fitting are listed in Table 1. In various 
TEM micrographs, a discontinuous nanocrystalline few-layer graphene with 1–5 layers is 
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evident (Figure 3.2c–e). The discontinuity is shown to have stemmed from the substrate 
topological defects giving rise to various nucleation centers for sp2 carbon growth.  
The single crystalline graphene sheets originated from the point defects grow until 
eventually merge to one another. As a result, grain boundaries (GB) form between them 
that give rise to various properties change such as introduction of band gap. Unlike bulk 
materials, displacement is allowed for carbon atoms in 2D graphene sheets which 
manifests as buckled out-of-plane grow in various angles. As is evident from Figure 3.2f–g, 
the high intensity of the defect modulated D peak at 1342 cm–1 as compared to G peak 
at 1585 cm–1 (ID/IG ratio ~1.81) indicates presence of small sp2 domains, consistent  
with HRTEM observations (Stankovich et al., 2007). The ID/ID’ ratio of ~5.5 corresponds 
to a combination of hopping and vacancy-like defects (Venezuela, Lazzeri, & Mauri, 
2011).  
 

 
Figure 3.2 (a) Schematic of GAIN with γ-Al2O3 core and graphene coating together with optical 
images of before and after the CVD process; (b) optical image and SEM images of self-aligned  
γ-Al2O3 nanofibers; (c–e) HRTEM images of a GAIN fiber with 2–3 layers of graphene coating;  
(f) Raman spectrum of GAIN; (g) deconvolution of the peaks providing details on the Raman shift 
ranging from 1100 to 1800 cm–1; and (h) 2400 to 3200 cm–1. The figure is adopted from Paper III 
with permission (Shamshirgar et al., 2021). 
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The 2D Raman mode in graphene is caused by double resonance scattering of TO 
phonons at the k-point of the zone edge. In GAIN fibers, the 2D peak at 2669 cm–1 is 
broadened (in comparison with a typical Raman for single layer graphene) with a FWHM 
of ~116 and a I2D/IG ratio of 0.32. In few-layer graphene, the I2D/IG ratio is peak is ~4  
(the wider the peak gets at 2D region, the more layers of graphene are expected  
(Andrea C. Ferrari, 2007)). For GAIN fibers, the low I2D/IG ratio, position and FWHM of the 
2D peak, and existence of a notable D peak can be attributed to the presence of 
turbostratic carbon (Andrea C. Ferrari, 2007). 

The D+D′ peak at ∼2915 cm–1 is the second order of the intra-valley D′ peak at  
~1620 cm–1 and its presence can be in response to hydrogen functionalization (employed 
during CVD procedure) and sp3 hybridization (Andrea C. Ferrari & Basko, 2013). The 2D 
band is 21 cm–1 redshifted as compared to a typical single layer graphene. This redshift 
presumably has stemmed from the local strain caused by the lattice mismatch between 
γ-Al2O3 substrate and graphene; resulting in a decrease in phonon energies (Andrea C. 
Ferrari & Basko, 2013). Even though, the same physical mechanism is expected to 
redshift the G peak, the ~5 cm–1 blueshift of this peak is likely to have originated from 
the doping effect of the substrate (Stamatin, Hussainova, Ivanov, & Colavita, 2016).  
As a point of comparison, the G peak for a typical single layer graphene is at ~1580 cm–1 
measured with similar wavelength laser (Saito, Hofmann, Dresselhaus, Jorio, & 
Dresselhaus, 2011). In fact, both n- and p-doping shift Fermi level away from the Dirac 
point and decrease the recombination probability of the charge carriers. This, results in 
non-adiabatic perturbation of the phonons, removing the Kohn anomaly with the 
outcome of an increase in phonon energy of the G peak and the subsequent blueshift 
(Pisana et al., 2007a) (Das et al., 2008). The defect-driven D* and D** peaks at 1210 cm–1 
and 1510 cm–1, respectively, can be attributed to sp2-bonded configurations of 
transpolyacetylene segments at grain boundaries and surfaces of CVD carbon postulated 
by (A C Ferrari & Robertson, 2001).  

 
Table 1 Peak position, FWHM, intensity ratio comparison for GAIN. 

 

3.1.2 Powder compositions 
As was described in Section 2.2 GAIN/α-Al2O3 powder mixtures in the ratios of 1, 3, 5, 15, 
and 25 wt.% GAIN were prepared using sequences of grinding and sonication. The SEM 
micrographs of the resulting powder mixtures are shown in Figure 3.4a-f. Length of the 
GAIN fibers after processing are reduced to 300 ± 100 nm, which corresponds to 40:1 to 
60:1 aspect ratios. Although in general, the distribution of the fibers is rather 
homogeneous, the fibers are partially overlapping, forming moderate level agglomeration. 
This is particularly valid for high concentration of GAIN visible in Figure 3.4e,f for 15 and 
25 wt.% of GAIN, respectively. 

D G D′ 2D D+D′ 

Peak 
Position FWHM Peak 

Position FWHM Peak 
Position FWHM Peak 

Position FWHM Peak 
Position FWHM 

1342 73 1585 52 1620 45 2669 116 2915 100 
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3.2 GAIN/α-Al2O3 homogeneous composites 
The 1–25 wt.% GAIN/α-Al2O3 composites were sintered using SPS detailed in Section 
2.2.3. The dwell temperature was considered 1150 °C in order to prevent γ→α-Al2O3 

phase transformation. This phase and the connotation of its formation on sintering 
procedure and microstructural integrity of the composites is explained in the next 
section. All samples were sintered in a 20 mm and 30 mm graphite die with final sintered 
thickness of 5–10 mm. A summary of the densities, compositions, and carbon contents 
of the samples is provided in Table 2.  
 
Table 2 Graphene content and relative density of the produced samples. 

 
 
 
 
 
 
 

 
 
 

3.2.1 Microstructural features 
A comparison between the microstructure of sintered as-received α-Al2O3 and a sample 
with 1 wt.% GAIN fillers is provided in Figure 3.3. It is evident that grain refinement is 
achieved by addition of 1 wt.% GAIN where the grains of 200–400 nm are in contrast to 
1–5 µm grains observed for as-received alumina. Presence of both inter and intra 
granular porosity is visible in Figure 3.3a–b (marked with orange arrows) for bulk alumina 
sintered at 1150 °C. Addition of GAIN fillers assists the sintering by introducing local joule 
heating provided by the conductive fillers, resulting in diminished porosity and full 
densification (Figure 3.3c–d). To clarify, the distribution of the fillers throughout the grain 
boundaries of the matrix ceramic, contributes to preservation of their migration 
(impeding GB diffusion) during sintering, resulting in grain refinement. This effect was 
also observed for graphene nanosheet/Al2O3 (Fan et al., 2010). In Figure 3.3d, GAIN 
nanofillers are mainly located at the grain boundaries or junctions of Al2O3 grains. 
Therefore, the mechanism responsible for a higher densification can be defined as the 
pinning effect of the fillers on the Al2O3 grains. The SEM images in Figure 3.4g–l show the 
microstructural features of the GAIN/α-Al2O3 homogeneous composites and reference 
sintered polycrystalline alumina. An increase in GAIN concentration further impedes 
grain growth. The grains of ~100 nm in G25 are comparable to the particle size of the 
precursor powder (Figure 3.4l). Evidently, the porosity also increases for GAIN contents 
higher than 5 wt.% which is consistent with density measurements. This grain size 
reduction is postulated to be in connection with the pinning effect of the GAIN fibers and 
reduced mass transport in the presence of high carbon content, both result in hindered 
densification. 
 

Sample 
Name 

α-Al2O3 
[wt.%] 

GAIN 
[wt.%] 

GAIN 
[vol.%] 

Graphene * 
[vol.%] 

Relative 
Density 

α-Al2O3 100 0 0 0 99.99 
G1 99 1 1.13 0.21 99.32 
G3 97 3 3.39 0.63 99.45 
G5 95 5 5.65 1.04 98.98 

G15 85 15 16.74 3.10 93.80 
G25 75 25 27.56 5.10 89.51 

* Calculated based on the measured 12 wt.% graphene content of GAIN. 
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Figure 3.3 SEM micrographs of (a, b) alumina sintered bulk; and (c, d) with 1 wt.% GAIN content 
sintered at 1150 °C under 75 MPa uniaxial pressure. 
 

In addition to the contribution of carbon content to the evolution of the 
microstructure and grain refinement, the presence of γ-Al2O3 (core of GAIN fibers) in the 
vicinity of α-Al2O3 (the matrix phase) can lead to the γ→α-Al2O3 transformation process. 
This phase transformation encompasses several transition alumina phases as detailed in 
Section 1.1.1. In particular, as the θ phase crystallizes into α-Al2O3, a vermicular 
microstructure with a network of wide pores is anticipated which requires temperatures 
higher than 1600 °C for high densification (Lamouri et al., 2017; Yalamaç, Trapani, & 
Akkurt, 2014). The γ → δ → θ → α-Al2O3 phase transformation process is expected to 
initiate in the temperature interval of 1050–1200 °C. Albeit, under the sintering conditions 
of 1150 °C, 70 MPa, none of the homogeneous composites demonstrate features of 
vermicular microstructure, this structure was observed for a sample sintered at 1450 °C 
discussed in the next Chapter. 

 
Figure 3.4 SEM micrographs of (a–f) alumina powder with various GAIN content; (g–l) sintered 
bulks consisting of reference alumina and GAIN/α-Al2O3 compositions. The figure is adopted from 
Paper IV (Saffar Shamshirgar et al., 2021). 
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3.2.2 Structural characterization 
The Raman spectra of the homogenous composites are presented in Figure 3.5a. The main 
features of defected graphene, namely: The G peak at ~1587 cm–1 and the 2D peak at 
~2688 cm–1 are present together with a notable defect driven D peak at ~1347 cm–1. 
However, some key changes in the intensity ratios, peak positions, and FWHM of the 
peaks exist. To begin with, the blue shift of the G and 2D peaks and the broadening of 
FWHM of the G peak in comparison with GAIN can be evidences of both n- and p-doping 
(Andrea C. Ferrari, 2007) (Figure 3.5b–g). Granted that Al interstitials and O vacancies in 
the matrix α-Al2O3 can act as electron accepting point defects (Fan, Jiang, & Kawasaki, 
2012), the p-doping of the top graphene layers on GAIN fibers during the sintering can 
be justified. Additionally, the next layers of graphene can be affected via charge transfer 
mechanism. In general, blue shift of the G peak in graphene, can be a response to the 
presence of both n- and p-doping. Doping in graphene results in nonadiabatic removal  
of the Kohn anomaly at the Γ point and increase phonon energies for the G peak  
(Pisana et al., 2007b). On the other hand, blue shift of the 2D peak in graphene is often 
associated with p-doping as a response to the change of the equilibrium lattice 
parameters (Das et al., 2008).  

Strain also has an effect on shifting the G and 2D peak in graphene. In fact, tension is 
associated with a red shift, while compression is proven to result in blue shift. In this 
case, a tension force can be in connection with cooling procedure of the CVD process as 
discussed in Section 3.1.1 originated from the opposite thermal expansion and 
contraction behavior of carbon and alumina. Whereas compressive stresses can emanate 
from compaction during SPS, increasing the phonon frequency of various bands and 
virtually causing an upshift of the spectrum (Tsoukleri et al., 2009). 

 
Figure 3.5 (a) Raman spectra of composites with 1–25 wt.% GAIN content; (b) I2D/IG ratio; (c) ID/IG 
ratio; (d) G peak FWHM; (e) 2D peak FWHM; (f) G peak positions; (g) 2D peak position for GAIN and 
composites containing 1–25 wt.% GAIN fillers. The figure is adopted from Paper IV (Saffar 
Shamshirgar et al., 2021). 
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3.2.3 Electrical transport 
In Figure 3.6a, electrical resistance of GAIN fibers is plotted versus temperature. For this 
measurement, a 0.021 cm3 GAIN fibrous specimen was manually pressed and mounted 
onto the probe of PPMS in a five terminal configuration explained in Section 2.3.4. Since 
the fibrous specimen had low transverse linear density, resistance values are considered 
for discussion to avoid inaccuracy in the measurement attributed to the geometries of 
the specimen. A well pronounced semiconducting behavior is visible in Figure 3.6a with 
a band gap of 5.6 meV calculated from the slope of the line of Arrhenius plot. The presence 
of GBs in polycrystalline graphene gives rise to band gap by forming small scale p-n 
junctions (Tapasztó et al., 2012; Yazyev & Chen, 2014), while mobility is largely 
suppressed by the presence of various disorders, point defects, and impurities (Koepke 
et al., 2013). In addition, the power-law dependent semiconducting behavior and 
absence of a temperature crossover prove no transition in transport mechanism in the 
measurement temperature. However, the room temperature n-type transport 
undergoes a transition to a majority p-type transport which occurs in the temperature 
interval of 250–280 K visible in the Figure 3.6a-inset. In fact, in polycrystalline graphene, 
the graphene grains are often p-type while the GBs are n-type. However, the contribution 
of surface adatoms such as physisorbed water or H bonding, and the doping effect of the 
substrate can modulate carrier mobility and concentration. It can be stated that in GAIN 
fibers, surface adsorbed water contributes to charge transfer, resulting in a p-type 
conduction at room temperature. This contribution is reversed below freezing point of 
water due to a change in water contact angle and a decrease in work function. It was 
shown that in CVD graphene where Fermi level is shifted away from the Dirac point the 
hydrophilicity is enhanced, subsequently, a decrease in water contact angle to values 
≤60°, p-dopes graphene while at higher values n-doping is expected (Hong et al., 2016). 
More details can be found in Paper I. 

By integrating the GAIN fillers into the matrix of α-Al2O3, the electrical conductivity 
increases as function of GAIN loading and temperature from 4 K to 400 K (Figure 3.6b), 
while the p-doping is done through interaction with Al interstitials and O vacancies as 
discussed in Section 3.1.1. The percolation threshold was estimated at 1 wt.% of GAIN 
and conductivity reached ~2000 S·m–1 at room temperature for a sample with 25 wt.% 
GAIN (Figure 3.6b–c). The slope of the ρ vs. T shows a semi-metallic behavior more 
pronounced at higher filler contents with the bandgap for 1–25 wt.% GAIN/α-Al2O3 
composites ranging from 1.0 to 0.6 meV. Similarly, carrier density increases as a function 
of GAIN (Figure 3.6d), while Hall coefficient decreases at higher filler content attributed 
to the presence of more n-type fillers. 
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Figure 3.6 (a) Temperature dependency of DC resistance of GAIN fibers - Inset: Hall resistance as a 
function of magnetic field for various temperatures; (b) electrical conductivity as a function of 
temperature of GAIN/α-Al2O3 composites; (c) Hall resistance as a function of magnetic field at 
various temperatures for a sample with 25 wt.% GAIN; (d) carrier density in composites of GAIN/α-
Al2O3. 

3.2.4 Thermal transport and thermoelectric effect 
A thorough characterization of thermal and thermoelectric properties of the full 
composites is provided in Paper IV. Laser flash method was used to measure diffusivity 
(Figure 3.7a). To calculate thermal conductivity (k) (Figure 3.7b) using the following 
equation k = α·ρ·Cp, the specific heat capacity values (Cp) for γ-Al2O3, α-Al2O3, and carbon 
were considered from NIST-JANAF database (Chase Jr., 1998) (Figure 3.7b-inset). Both 
in-plane and through-plane diffusivity and conductivity decrease by increasing GAIN 
fillers. However, for GAIN contents higher than 5 wt.%, in-plane values decay at a lower 
rate, indicating anisotropic alignment of the fibers and more efficient filler connections 
in the direction perpendicular to the pressure axis of SPS. This deviation can be seen  
in the in-plane versus through-plane values as a function of GAIN content in the  
Figure 3.7a-inset. On the same note, the sudden drop in the k values for composites with 
filler contents lower than 5 wt.% can be attributed to large contribution of thermal 
contact and boundary resistance enforced by the presence of the GAIN fibers at the GBs. 
In addition to that, the p-doping of the graphene by the matrix alumina can further  
limit the thermal transport by promoting phonon-defect scattering. Even though 
microstructural features such as reduction in grain size by increasing filler contents can 
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attribute to decreasing k, in the GAIN/α-Al2O3 composites, much smaller phonon mean 
free path (few nanometers) as compared to grain sizes (few hundred nanometers) 
elucidate the defect and impurity scatterings as higher contributing factors to the mean 
free path reduction than the contribution of the boundary scattering. For a discussion 
regarding phonon mean free path, please refer to Paper IV.  

 
Figure 3.7 (a) Diffusivity as a function of GAIN filler content for in-plane and through-plane 
directions – inset: in-plane vs. through-plane thermal conductivity; (b) through-plane thermal 
conductivity as a function of temperature in GAIN/α-Al2O3 composites – inset: specific heat capacity 
vs. temperature; (c) in-plane low temperature thermal conductivity measured with PPMS; (d) Seebeck 
coefficient vs. temperature in composites of GAIN/α-Al2O3 – inset: thermoelectric Figure of Merit 
vs. temperature. 

 
By simulating the temperature dependency of GAIN/α-Al2O3 composites from 293 K 

to 1100 K, it is evident that the values follow k~T-B relation with the exponent “B” varying 
from 0.82 to 0.78 for G3 to G25, respectively. In Figure 3.7b, the straight lines follow the 
simulated data and scattered points correspond to the measured data. Furthermore, by 
plotting the k values versus reciprocal of temperature, the presence of extra phonon 
scattering mechanisms other than anharmonic Umklapp phonon scattering was 
confirmed. Low temperature in-plane thermal conductivity using the thermal transport 
puck of PPMS, from 4 K to 400 K is shown in Figure 3.7c. A rapid increase of k up to  
120 K can be observed attributed to increase in thermally enabled vibration modes. 
Above 120 K up to 400 K, a decline in k values of all composites can be associated with 
promotion of more charge carriers and impurity scattering (Amollo, Mola, Kirui, & 
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Nyamori, 2018). Here, the p-doping can be confirmed once more, by the positive values 
of the Seebeck coefficient (Figure 3.7d), while for GAIN/α-Al2O3 composites the Seebeck 
coefficient increases both with temperature and GAIN content. The Seebeck coefficient 
is inversely proportional to carrier density and band gap. In contrast, increase in carrier 
mobility, augments both electrical conductivity and the Seebeck coefficient (Blackburn 
et al., 2018). It was shown in Section 3.2.3 that both carrier density and mobility increase 
by increasing GAIN filler content. Therefore, rather intuitively, the highest Seebeck 
coefficient was achieved in the sample with 25 wt.% GAIN reaching 18 µ·V·K−1 at 350 K. 

Using Equation 1 and the measured values of electrical conductivity (σ), Seebeck 
coefficient (S), and thermal conductivity (k), the thermoelectric Figure of Merit (ZT) is 
calculated and plotted versus temperature in Figure 3.7d-inset. The highest ZT is 
achieved in G25 with the highest filler content due to a lower thermal conductivity and 
highest Seebeck coefficient and electrical conductivity. 

3.2.5 Dielectric properties and microwave absorption 
Complex permittivity and permeability were obtained from NRW technique (explained 
in Section 2.3.7). The real part permittivity (ε’) and dielectric loss tangents (Tan δε) are 
plotted as a function of GAIN content for sample frequencies of 8.5, 9, 10, 11, and 12 GHz 
in Figure 3.8a. For a detailed analysis of real and imaginary parts permittivity and 
permeability as a function of frequency at X-band, please refer to Paper III.  

In general, complex permittivity represents polarization of the charges under an 
induced electric field. The real part is in connection with energy storage (charge capacity) 
and the imaginary part (ε’’) is the power dissipation ability of the material often in the 
form heat (Ohmic resistance). The latter is a response to the rearrangement of electric 
dipole moments in an induced electric field. The dielectric loss tangent is a product of 
complex permittivity and electrical conductivity and represents the attenuation ability of 
the material (Thomas, 2018). 

The dielectric polarization processes in GAIN/α-Al2O3 can originate from three 
different characteristics of the structures. First, the heterogeneous composite nature of 
the structure which consists of conductive graphene augmented fillers and dielectric 
alumina matrix, promote multiple internal reflection. Second, the presence of various 
interfaces such as those in core-shell structured GAIN fibers and the boundary between 
the GAIN and alumina matrix can provide charge accumulation centers. The supporting 
argument for this assumption is the p-doping effect of the matrix alumina on the 
graphene and the observed influence of the substrate alumina in GAIN fibers on the 
optical properties of the graphene, both discussed in Section 3.1.1. Third, at higher GAIN 
filler contents (>5 wt.%), the introduced porosity can provide additional polarization 
centers (Sebastian, 2017). Specifically, at low GAIN contents, interfacial polarization and 
its relaxation phenomenon (described by the Maxwell–Wagner–Sillars theory) acting as 
the primary factors influencing the bulk ε’’, can significantly contribute to energy 
dissipation (Qing, Zhou, Jia, Luo, & Zhu, 2010). 

Both permittivity and loss tangent increase with an increase in GAIN content, 
however, the values of reflection loss (RL) calculated using Equation 4, 6 for all 
composites and almost at all frequencies is higher than -3 dB (Figure 3.8b). This indicates 
that more than 50 % of the total power was not transferred into the structure and 
reflected back to the source. The artefact of the strong surface reflection is the EMI SE 
values above 25 dB for samples of 3–25 wt.% GAIN (Figure 3.8c). 
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Figure 3.8 (a) real part of permittivity and dielectric loss tangent as a function of GAIN content for 
sample frequencies 8.5, 9, 10, 11, and 12 GHz in GAIN/α-Al2O3 composites; (b) reflection loss (RL) 
values of the composites at X-band – inset: normalized input impedance; (c) Total EMI Shielding 
Effectiveness (EMI-SE) of GAIN/α-Al2O3 composites at X-band. 

3.3 Functional multilayer structures of GAIN/α-Al2O3 
The multilayer structures were developed for improving the microwave absorption 
efficiency of the GAIN/α-Al2O3 composites discussed in the previous section. This part 
consists of two phases: (I) fabrication of sandwich structures (one and two GAIN/α-Al2O3 

composite interlayers sandwiched between two layers of α-Al2O3 to establish the 
fabrication methodology and characterize the properties of the interfaces detailed in 
Paper I; (2) design and fabrication of functionally gradient multilayer structures 
consisting of several layers of GAIN/α-Al2O3 to improve microwave absorption efficiency 
detailed in Paper III.  

3.3.1 Phase and Microstructure 
The SEM images in Figure 3.9a show the cross section of a sample with one GAIN/α-Al2O3 
interlayer and two alumina outerlayers in an AGA configuration; and a sample with two 
interlayers (AGAGA) both sintered at 1450 °C under 50 MPa pressure (high temperature 
approach – HT). Evidently, grains of the monolithic alumina layers are significantly larger 
than those in the interlayer where the presence of GAIN fibers resulted in grain 
refinement. As a result, sharp interfaces between the layers have formed.  
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Figure 3.9 (a) Microstructure of multilayers with AGA and AGAGA sequence and Raman spectra of 
each layer averaged from 10 readings; (b) SEM images of the interface between the interlayers 
(GAIN/α-Al2O3) and alumina layers for samples sintered at high and low temperature. 

As discussed in Section 3.2.1 the grain refinement is due to the presence of GAIN 
fibers which hinders the migration of GBs (Drozdova et al., 2016). Moreover, the joule 
heating phenomenon which evidently manifests at elevated temperature (>1000 °C) in 
the form of local high temperature fields further affects the microstructural evolution 
and limits grain growth. In Figure 3.9b, the α-Al2O3-GAIN/α-Al2O3 interfaces of samples 
with 15 and 25 wt.% GAIN sintered at high temperature are compared to samples with 
15 and 25 wt.% GAIN sintered at 1150 °C (low temperature approach – LT). For the 
discussion regarding the SPS at high and low temperature, refer to Section 2.2.3.  
Both lower sintering temperature and a higher GAIN content result in grain refinement 
not only in the GAIN/α-Al2O3 interlayers but also in the monolithic alumina layers.  
Figure 3.9b shows the grain of ∼5 μm in the monolithic alumina layer of the sample  
with 15wt% GAIN sintered at 1450 °C are slightly refined (∼2 μm) when the filler content 
in the interlayer was increased to 25 wt%. The grain size analysis is detailed in Paper I. 
Nonetheless, the grain sizes in the samples sintered at high temperature are significantly 
larger than those in the samples sintered at low temperature. In fact, both 15 and  
25 wt.% GAIN in the interlayers of the samples sintered at 1150 °C generate 
microstructures that are somewhat identical in the interlayers and the monolithic layers; 
moreover, a higher level of densification reflected in the higher relative density of those 
samples is achieved. The average grain sizes in the interlayers of the samples sintered at 
low temperature are 400 and 300 nm for samples with 15 wt % GAIN and 25 wt % GAIN, 
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respectively. Raman spectroscopy shows the main features of discontinuous few-layer 
graphene with 2D, G, and D+D’ peaks present after sintering under both SPS approaches. 
In Figure 3.10a, the Raman spectra obtained from the interlayers of the samples with 15 
and 25 wt.% GAIN sintered at 1450 °C and 1150 °C, are compared; to study the influence 
of the sintering procedure on the graphene quality and structure. The ∼1.18 and  
∼2.62 ID/IG ratios and the ∼0.45 and 0.83 ID'/IG ratios for the samples 25%-HT and  
25%-LT, respectively. The ID/IG and ID'/IG ratios for GAIN fibers are 1.82 and 0.71, 
respectively (refer to Section 3.1.1). An increase in G band intensity in sample 25%-HT 
and the reduction in the D’ shoulder at the G band can be possible indicators of 
purification of C–H bondings (dehydrogenation). Other indicators of this assumption are 
the lower D+D′ intensity and the existing florescence slope (the slope is normalized in the 
graphs). The D+D′ peak at ∼2930 cm−1 is in response to functionalization of graphene and 
sp3 hybridization. Meanwhile, the 2D band in all samples is blue shifted as compared to 
GAIN fibers, and this blue shift is 20 cm−1 more in HT samples in respect to LT samples.  
In contrast, the G band in the HT samples is not shifted as compared to GAIN while in  
LT samples it is 11 cm−1 blue shifted. In theory, for graphene structures, the blue shift  
of the 2D band is in connection with compressive stresses and p-doping while the blue 
shift of the G band is a response to compressive stresses and both n- and/or p-doping. 
Since the p-doping was evidentially proven to exist irrespective of the sintering 
temperature, one can only assume that the higher 2D shift in the HT samples and  
the shift in the G band of the LT samples are in connection to residual stresses formed 
during the sintering procedure which is consistent with the significant grain size 
difference between the HT and LT samples. Raman mapping of the interface of a 
multilayer sample is presented in Figure 3.10b. The location of the G, 2D, and D+D’ for 
the GAIN fillers before sintering are highlighted with dash lines in the histograms in  
Figure 2o. A more in-depth Raman characterization of the sintered structures is provided 
in Paper I, III, and IV. 
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Figure 3.10 (a) Raman spectra of the interlayer in samples with AGA design sintered at low 
temperature approach (LT) and high temperature approach (HT) (explained in 2.2.3) (the figure is 
adopted with permission from Paper I (Shamshirgar et al., 2020)); (b) Raman mapping of the 
interface between GAIN/α-Al2O3 interlayer and alumina outerlayer of a sample sintered at low 
temperature. 

3.3.2 Mechanical properties 
Vickers microhardness (HV0.5) was measured on a multilayer with two alumina 
outerlayers and 5 interlayers of 1, 3, 5, 15, and 25 wt.% GAIN. The microhardness results 
are specified in Figure 3.11a, and a schematic representation of the multilayer structure 
is provided in Figure 3.11b. The hardness values are arithmetic mean of five readings 
from each layer. In both alumina layers presence of intragranular porosity is visible, 
however, in layer G1, were 1 wt.% of GAIN fillers are introduced, a refinement of the 
microstructure together with a lower level of porosity results in a slight increase in 
hardness reaching a value of ~21 GPa (Figure 3.11c). In the layers with GAIN fillers  
>3 wt.%, hardness decreases with increasing filler content, despite the grain refinement. 
In the pristine alumina layers, crack propagation trajectory is intragranular and in most 
cases stops at a porosity. In contrast, in the layers, were GAIN fibers are present, crack 
deflection and pinning effect is promoted which is more noticeable for G15 and G25 
layers. The residual stresses formed during SPS are conducive to the dissipation of crack 
propagation energy, by deflecting and pinning their growth. On the other hand, the 
contribution of the fibers as the toughening agents may be stated due to presence of 
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fiber pullout shown in Figure 3.11d. However, the fibers bridging mechanism was only 
observed in the samples sintered at 1150 °C. Absence of this mechanism in the samples 
sintered at 1450 °C can be attributed to the γ→α-Al2O3 phase transformation. A detailed 
analysis of mechanical properties is provided in Paper I. 

 
Figure 3.11 (a) Microhardness values for HV 0.5; (b) schematic representation of the test specimen; 
(c) microhardness indentations in various layers; (d) SEM images showing the presence of fiber 
pullout. 

3.3.3 Electrical and thermal transport 
A two-probe configuration was used to measure in-plane electrical conductivity of the 
multilayers with 15 and 25 wt.% GAIN in the interlayer, sintered at 1150 ° and 1450 °C 
(Figure 3.12a). The thickness of the interlayers in all samples are 100 µm, except that for 
comparison, one sample is made with interlayer thickness of 500 µm (25%-HT-500). 
Electrical conductivity is generally higher for 25 wt.% GAIN, however, the samples 
sintered at low temperature (1150 °C) show much higher conductivity attributed to 
smaller grain size, preventing the γ→α-Al2O3 phase transition, and higher densification. 
The sample with 500 µm interlayer thickness shows a room temperature electrical 
conductivity of ~2000 S·m–1 which is about one-fold higher than the value for a similar 
sample with 100 µm interlayer thickness. For the same sample, a more prominent 
temperature dependence of electrical conductivity signals a more semiconducting 
behavior as compared to semi-metallic nature of the those with 100 µm. The isotropic 
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double-sided transient plane source measurement was performed on composites with 
one interlayer with varying thickness. In Figure 3.12b, thermal conductivity and 
diffusivity are plotted as a function of interlayer thickness in sandwiched structures with 
15 wt.% GAIN in the interlayer. Presence of an interlayer with only 50 µm thickness 
augments thermal conductivity by ~25 %. However, increasing thickness does not change 
the thermal transport of the bulk. A detailed analysis of the thermal transport in the 
multilayers is provided in Paper II. 

 
Figure 3.12 (a) In-plane electrical conductivity vs. temperature in sandwiched structures (adopted 
with permission from Paper I (Shamshirgar et al., 2020); (b) thermal properties of sandwiched 
structures as a function of interlayer thickness (adopted with permission from Paper II (Hussainova 
et al., 2020). 

3.3.4 EMI shielding and microwave absorption efficiency 
In the Section 3.2.5 it was shown that homogeneous composites of GAIN/α-Al2O3 with 
GAIN contents higher than 3 wt.% offer EMI SE higher than 25 dB. However, it was also 
shown that poor microwave absorption performance of the homogeneous bulks is 
attributed to a significant impedance mismatch, resulting in RL values higher than -3 dB. 
In contrast, a suitable microwave absorber candidate must meet the prerequisite 
condition of RL <-10 dB (Zhao et al., 2016). Subsequently, the obtained dielectric 
properties of the bulks were employed in impedance matching technique based on 
Equations 4–6. The Monte Carlo simulation described in Section 2.4 yielded various 
solutions for multilayer designs, some of which are presented in Figure 3.13. Design 
solutions of FSM-S1 and FSM-S3 are proposed to provide near-full X-band >95 % 
absorption due to a better impedance matching  Figure 3.13b. For the experimental 
verification of the findings, one of the findings with a gradient in GAIN content consisting 
of two alumina outerlayers and five interlayers of 1, 3, 5, 15, and 25 wt.% GAIN was 
chosen promising to have an absorption peak of -32 dB around 9.5 GHz with a bandwidth 
of 3 GHz mitigating the RL <-10 dB condition (FSM-89-1). Three additional variations of 
this sample were manufactured for comparison with simulated data (FSM-89-2,  
FSM-144-1, and FSM-144-2). A schematic representation of the specimens is provided in  
Figure 3.14.  
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Figure 3.13 (a) Reflection loss vs frequency for absorber design solutions obtained from Monte-
Carlo approach to impedance matching; (b) normalized input impedance for the simulated 
solutions; and (c) the corresponding design parameters for the proposed solutions where h1-h7 are 
the thicknesses of the layers in micrometer and h2-h6 inversely correspond to G1-G25 composite 
structures. The figure is adopted with permission from Paper III (Shamshirgar et al., 2021). 

 
Reflection loss was obtained in a short-backed configuration in a rectangular 

waveguide with the fundamental TE10 mode and a one-port reflection-only setup (for 
nonmagnetic specimens, μ′ = 1 and μ″ = 0). In this method, considering the samples are 
backed by PEC, the power of the incident wave (Pin) is composed of three parts:  
the reflected power (Pr), the absorbed power, and the transmitted power (Pt). Since the 
samples are backed by PEC, the transmitted power can be zero. Hence, the absorption 
power can be calculated using Pa = Pin-Pr. That is to say, by measuring the RL values in a 
one-port setup, the absorption efficiency can be calculated.  
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Figure 3.14 The thickness and compositions of the multilayer designs. 

 
The experimental RL values are compared to the simulation data in Figure 3.15a, and 

the corresponding Zin values of the multilayers are shown in Figure 3.15b. It is evident 
that FSM-89-1 with a total of 1.98 wt.% GAIN corresponding to ∼0.24 wt.% carbon 
content offers a broadband 90 % absorption covering almost the entire X-band and a 
narrow 0.5 GHz bandwidth of 99 % absorption centered at 9.6 GHz. The sample  
FSM-144-1 with higher layer thicknesses satisfies full X-band 90 % absorption. The best 
impedance matching corresponds to FSM-89-1 with an optimal region satisfying the 
|Zin/Z0|=1 condition between 9 and 10 GHz, which represents the same frequency region 
where the experimental data on the reflection loss reach a minimum at -40 dB. A detailed 
characterization is provided in Paper III. 

 

 
Figure 3.15 (a) Comparison of the simulated and measured reflection loss in multilayers; (b) input 
impedance ratio relative to free space. 

 
 
 
 

 



53 

Conclusions 
In this work, a novel type of tunable functional multilayer composites consisting of 
alumina and graphene augmented inorganic nanofibers (GAIN) was introduced for 
application in efficient microwave absorption. Furthermore, the as-developed GAIN 
structures have shown a remarkable potential for thermoelectric applications.  
A bottom-up catalyst-free hot-wall CVD process was employed to obtain the GAIN  
fibers applied as conductive fillers in the composite structures. Comprehensive 
theoretical and experimental cross-verification was performed to characterize the 
homogeneous and multilayered composites of GAIN/α-Al2O3.  As a result, the anisotropic 
hierarchically structured composites have been developed, optimized and evaluated to 
deliver an efficient multilayered architecture for providing a range of the required 
properties including but not limited to enhanced X-band absorption, high strength, and 
anisotropic thermal and electrical properties. 
 
Based on the outcomes of the work, the following conclusions can be drawn: 

 

 
(I) Controllable and tunable graphene layers are deposited onto γ-Al2O3 

nanofibrous substrate and thoroughly characterized revealing the presence 
of stretched polycrystalline few-layer graphene. A mixed carrier transport 
with a Hall coefficient crossover from n-type to p-type at ~270 K was 
observed.  
 

(II) The composite structures of GAIN/α-Al2O3 with various contents of GAIN 
have been fabricated by spark plasma sintering. In the matrix of alumina, 
GAIN fillers inhibit grain growth during SPS, resulting in fine-structured 
materials, while lowering sintering temperature to 1150 °C resulted in 
further grain refinement and prevents γ→α-Al2O3 transition.  

(III) Although increasing GAIN filler content above 5 wt.% in homogeneous 
composites results in a significant deterioration of hardness, the introduced 
porosity is shown to have practical implications in thermoelectric 
performance and attenuation of microwave radiations. Both thermal 
conductivity and diffusivity are anisotropic in the homogeneous bulks with a 
higher in-plane values corresponding to GAIN contents above 5 wt.%.  
The thermal conductivity decreases with an increase in GAIN content, which 
is attributed to various scattering phenomena. Reduced thermal conductivity 
at higher filler contents increases thermoelectric Figure of Merit of the 
structures as a function of GAIN.  

(IV) The sandwich and multilayer structures of GAIN/α-Al2O3 are successfully 
produced and the sintering routes are optimized to manufacture the 
materials of the designed architectures.   

(V) In-plane electrical conductivity is slightly higher than cross-plane values 
while the room temperature value of 1800 S·m–1 has been obtained for a 
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sandwiched structures with a 500 µm interlayer of 25 wt.% GAIN. Complex 
permittivity increases to the extremely high values of ~400 with an increase 
of the content of conductive GAIN additives, while permeability approaches 
zero due to diamagnetic response of the graphene-augmented fibers.  
The high permittivity of the structures ensures highly efficient EMI shielding 
effectiveness with the highest value of 45 dB obtained for 25 wt.% GAIN in 
α-Al2O3. 

(VI) A functional multilayer with a gradient in the GAIN content, designed on the 
basis of impedance matching technique, exhibits a full X-band absorption of 
>90 % and a narrowband -40 dB absorption peak centered at 9.6 GHz.  
The obtained absorption properties have shown to be a clear enhancement 
as compared to the homogeneous composites, attributed to maximized 
power transfer and efficient use of the entire absorber thickness. 

(VII) Various multilayer designs have indicated the tunability of the structures, 
rendering them excellent candidates for frequency specific and broadband 
microwave absorption. 
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Abstract 
Hierarchically Structured Functional Ceramic Composites 
with Graphene Augmented Nanofibers 
Graphene has shown remarkable potential for various applications such as EMI shielding 
and thermoelectric applications due to its tunable nature and unique properties. This 
work, motivated by the pressing need for development of multifunctional materials for 
microwave absorption for advanced applications such as 5G development, focuses on 
the design and characterization of alumina based functional multilayers using graphene 
augmented inorganic nanofibers (GAIN). The GAIN fibers were obtained using a hot-wall 
CVD process that greatly simplifies the graphene deposition without the need for 
catalysts. The as-developed graphene on alumina nanofibers shows a polycrystalline 
nature that stems from several sp2 nucleation centers originated from the surface defects 
of the substrate γ-Al2O3 nanofibers. Homogeneous composites of GAIN/α-Al2O3 with filler 
contents of 1, 3, 5, 15, and 25 wt.% were successfully processed using ultrasonication in 
ethanol and sintered using spark plasma sintering (SPS). The characterization of the 
obtained homogeneous composite structures shows that the addition of the fillers up to 
3 wt.% increases hardness of polycrystalline α-Al2O3 and that the presence of the fibers 
in the microstructure offer crack bridging and deflection. Electrical conductivity increases 
by increasing GAIN fibers while the electrical percolation threshold was achieved at  
1 wt.% GAIN corresponding to remarkably low ~0.21 vol.% carbon content. Electrical 
conductivity reaches ~1500 S·m–1 at highest filler content (25 wt.%) at room temperature 
while the semi-metallic nature of the transport results in conductivity of ~850 S·m–1 at 4 K 
in the same sample. Raman spectroscopy, Hall measurement, and Seebeck coefficient, 
all confirm the p-doping of the graphene in the presence of electron accepting Al 
interstitials and O vacancies in the matrix α-Al2O3. The p-doping was shown to contribute 
to the decrease in phonon mean free path (1–3 nm) enforced by defect and impurity 
scatterings. As a result, thermal conductivity decreases as a function of GAIN fibers from 
35 W·m−1·K−1 in polycrystalline α-Al2O3 to ~10 W·m−1·K−1 for 25 wt.% GAIN/α-Al2O3 

composite. The decrease in thermal conductivity together with increasing Seebeck 
coefficient and electrical conductivity, all as a function of GAIN content have granted the 
highest thermoelectric Figure of Merit to composites with 15 and 25 wt.% GAIN.  
The thermoelectric characterization has shown the remarkable potential of the GAIN 
filler materials for enhancing thermoelectric device efficiency.  Furthermore, integration 
of a thin hybrid interlayer of GAIN/α-Al2O3 into the assembly of alumina sandwiched 
structures was shown to slightly improve the thermal conductivity of the sintered bulk 
alumina.  

Presence of various defects and scattering points, the conductive-dielectric core-shell 
structure of GAIN, and their integration into the α-Al2O3 matrix ensured a significant 
increase in the complex permittivity as a function of GAIN tested in the X-band.  
The outcome of this increased permittivity was remarkable electromagnetic shielding 
effectiveness of the structures, which was correlated to high surface scattering. In order 
to decrease the surface scattering phenomenon and enhance microwave absorption,  
a multilayer structure with a gradient in GAIN content and layer thickness was fabricated 
and tested using transmission line method in a rectangular waveguide under the 
fundamental TE10 mode. The result has shown a significant enhancement of the 
absorption (>90 %) in X-band with a narrowband peak of -40 dB corresponding to  
99.99 % absorption centered at 9.6 GHz. The fabricated functional multilayer structures 
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and several simulated solutions indicate the exceptional potential of the GAIN fibers and 
the developed methodology for development of high efficiency broadband or frequency 
specific microwave absorbers offering tunability of the absorption spectrum.  
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Lühikokkuvõte 
Hierarhiliselt struktureeritud funktsionaalsed keraamilised 
komposiidid grafeenlisandiga nanokiududega 
Grafeen, tingituna oma ainulaadsetest ja suunatavatest omadustest omab arvestatavat 
potentsiaali, leidmaks kasutust erinevates tehnilistes rakendustes, näiteks 
elektromagnetiliste häiringute varjestamisel ning termoelektrilistes rakendustes. See töö 
lähtub vajadusest välja arendada mikrolaine absorbermaterjale 5G süsteemide jaoks 
ning keskendub alumiiniumoksiidil põhinevate funktsionaalsete mitmekihiliste 
materjalisüsteemide, täpsemalt grafeenlisandiga anorgaaniliste nanokiudude (GAIN) 
saamisele  ja kirjeldamisele.  GAIN-kiud saadi keemilise aurusadestuse (CVD) protsessiga, 
mis võimaldab grafeeni sadestamist substraadile suhteliselt lihtsalt, ilma katalüsaatori 
abita. Alumiiniumoksiidi nanokiududele sadestatud grafeen on polükristallilise 
struktuuriga,  mis tuleneb paljude sp2 kristallisatsioonikeskmete olemasolust. 
Kristallisatsioonikeskmeteks on substraadi γ-Al2O3 nanokiudude pinnadefektid. 
Homogeense koostisega GAIN/α-Al203 komposiidid, täiteaine sisaldusega 1, 3, 5, 15 ja  
25 massiprotsenti töödeldi ultraheliga etanoolis ja paagutati seejärel edukalt 
sädeplasmapaagutuse (SPS) abil. Saadud homogeensete komposiitstruktuuride 
uurimisel leiti, et täiteainete lisamine kuni 3 massiprotsenti suurendab polükristallilise  
α-Al2O3 kõvadust ning et kiud takistavad pragude levikut maatriksis eeskätt 
sildamismehhanismi kaudu ning muutes nende kulgemise suunda 
(deflektsioonimehhanism). 

Elektrijuhtivus suureneb GAIN-kiudude sisalduse suurendamisel, samal ajal kui 
elektriline perkolatsioonilävi saavutati 1 massiprotsendi GAIN-ga, mis vastab 
märkimisväärselt madalale ~0,21 mahu% süsinikusisaldusele. Parim elektrijuhtivus 
~1500 S·m–1 mõõdeti toatemperatuuril suurima täiteaine sisalduse (25 massi%)  
juures, samas kui juhi poolmetalliliste omaduste tõttu on juhtivus samas proovis 4 K 
juures ~850 S · m–1. Raman spektroskoopia, Halli efekti mõõtmine ja Seebecki koefitsiendi 
mõõtmine kinnitavad grafeeni p-dopeeringu olemasolu α-Al2O3 maatriksis, mis sisaldab 
elektronide liikuvuseks vajalikke Al-aatomeid ja O vakantse. Näidati, et p-dopeering aitab 
kaasa foononi keskmise vaba tee (1–3 nm) vähenemisele, mis on tingitud materjalis 
hajutatud defektidest ja lisanditest. Selle tulemusena väheneb soojusjuhtivus sõltuvalt 
GAIN-kiudude sisaldusest: polükristallilises α-Al2O3 on see 35 W·m−1·K−1 alanedes 
kiudude lisamisel tasemele ~10 W·m−1·K−1 (25 massi% GAIN/α-Al2O3 komposiidis). 
Soojusjuhtivuse vähenemine koos Seebecki koefitsiendi ja elektrijuhtivuse 
suurenemisega on GAIN-sisalduse funktsioonina andnud kõrgeima termoelektrilise 
omaduste kompleksnäitaja komposiitidele, mille GAIN-i sisaldus on 15 ja 25 
massiprotsenti. Termoelektriliste omaduste mõõtmisega tõendati GAIN-i 
täitematerjalide märkimisväärset potentsiaali termoelektrilise seadme efektiivsuse 
suurendamiseks. Lisaks näidati, et GAIN/α-Al2O3 õhukese hübriidse vahekihi lisamine 
alumiiniumoksiidiga ühendatud struktuuride koostisesse parandab veidi paagutatud 
alumiiniumoksiidi soojusjuhtivust. 

Erinevate defektide ja hajumispunktide olemasolu, GAIN-i iseloomustav juhtiv-
dielektriline südamiku-kesta struktuur ja GAIN kiudude sisseviimine α-Al2O3 maatriksisse 
tagas X-sagedusribal testitud  materjali komplekspermitiivsuse olulise kasvu. 
Suurenenud permitiivsuse tulemusel paranesid loodud struktuuridel märkimisväärselt 
elektromagnetilised varjustus-omadused, mis on seotud elektromagnetkiirguse 
suurenenud hajumisega pinnalt. Pinnalt hajumise nähtuse vähendamiseks ja 
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mikrolainete absorbtsiooni parandamiseks valmistati GAIN-i sisalduse ja kihi paksuse 
gradiendiga mitmekihiline struktuur, mida testiti ülekandeliini meetodil 
ristkülikukujulises lainejuhis põhirežiimis TE10. Loodud materjalisüsteemil täheldati 
neeldumise olulist suurenemist (>90 %) X-ribas kitsa ribapiigiga -40 dB, mis vastab 
99,99% neeldumisele, mille keskpunkt on 9,6 GHz. Valmistatud funktsionaalsed 
mitmekihilised struktuurid ja mitmed töös kasutatud simulatsioonide abil saadud 
lahendused iseloomustavad GAIN-kiudude suurt potentsiaali ja välja töötatud meetodite 
põhimõttelist toimivust lairiba-või sagedusspetsiifiliste ja neeldumisspektri häälestatavust 
võimaldavate mikrolaineabsorberite väljaarendamisel. 
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paper I 
Saffar Shamshirgar, A., Rojas Hernández, R. E., Tewari, G. C., Ivanov, R., Mikli, V., 
Karppinen, M., & Hussainova, I. (2020). Layered structure of alumina/graphene-
augmented-inorganic-nanofibers with directional electrical conductivity. Carbon, 167, 
634–645. https://doi.org/10.1016/j.carbon.2020.06.038 
Reproduced with the permission of Elsevier. 
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r\s\st_uetcbj_bà_d\vw_bxgi]yz{[|[|}y~�1y�� $8�



�����������	�
���
�
��������������������� ������������������ ��!������"���#$�#������!����#!���%&�'�()**������+(� ������� ,-��./�������#�������#$�������0��������!�����!�����$�#�#������ �� �����������#����!�������������������������#!��#.1�#� �!��#!-������"���#������!2!��$�#������!����, �#��#������!���������#!��3�#���#!-��4***03� 5���6��� ,�!�� 0�7�!����$!���89:4).;��<�=>� �#��./��#��� �#$!��"�� #!��������!�?��##��@A*.B��$����� !#�����*.CD� #�������������##�#!���!������!#�����!�����#�#���#!��.1����#������������#+#,����#!-���� �!+ �,���������!� $������������#!���<��!��E#%��1F3;**�!��+��#� ��!��#������������7�!����$!���C4)�� �#���2�!���!��$�5� ����������� �����������G1/H����C*I��J���!5� ��#G>F9*.KCH./��!��!���� �#����$��$�#L�M.1����#������ ��#� ��!�������#,#���$�#B.C��NB.O���!���#�������� ����+�����!-��!�������"  ��#����� ?#0�"� ���!##!��#����!��� �������!���#����GO&P+(&3 Q�!##R%/1F+CC0P�����,H�7�!�+���$!��&�(G�����,�!#���#!5�I+��,#�����������0S1RT&10&#��!�B.;)#,#���0R(FH$!��5� ����������)*?��������!"+���!��#����C*?I$�#�#��./�����!�#!-���� ,#!#$�#����������,!���!����� ,#!#��������(&3 !����#���#!���!���� ��#�C**����!��#�#!��U����6��6 �#L.*���?����,3��!��,���+���!�#.F  ���(&3 !����#�����!#��� ,#!#$����������������#�������!"���!��GC***2H����� ��#�������!��������#������#��� �$������ ,-�������#���!#�!�#������������� !�� �.U�� ������ ����!�� ��#!#�!5!�,���#�������#$������������

������� �! �,�������#���������������������@**T�#!����$�+���������,.6�!����������#�������!���������������� ����!�� ����!������#0"�#�0;*��6�$�#����#!��������#!��#�����#��� �#�#!������##!�����4*;1����!��#,#���.(�����0*.C��F��������!5���#��$�#��� !������������6�����!��#0��� �#�0#��� �#$��������� ���������B**V����B)�!�����W��������!��!�./�� �$���������������#�����������!�#G� ����!�� ��#!#�!5!�,���<�  ����"�!���H�����PFU>"  ��#��������#!��#$!��BC���)C$�X��PFU>!�� ��!������!2$������#�����#!�����,#!�� �������,���#�������#,#���G663(YZ��������#!��Y�7�!����$!��K/������!�"� �H$!��<�  ������"��+���!������@T��4**T.�!�?��#�!���������##��#�#$�������!����������@.K> ���G<�*.CH�#!��SR&<%&13U�1'3&/)**B�7�!����$!���#7����+��#����������� �,���!�� �!�����!���������������###���!�������#��� �#!�4�!����������!��#[�,��!�!���� �,��0���� !��!�� ��!�� �,��0���!�����������$������ �,��#./�� ���$�#?������B*(�������!�����.<�5� ��#$����#�!�������������5�����5� ��#��B*!�����#!��������!��������5�������(U��!��#!��&7���!��GBH������!����F���2O0U('B@CLL=B[)*BC.\]9 \̂_̀abcdêfabgd9*h*K@C\_̀ îj�d GBHU���!#�7���!��0<�!#����!�?��E#������##0<U/!�������!��������##0F����J��������������!�������0F#�������#����������0����!#������5!���!��� ���� ����!��.>���/�#��������G3!���+3����!� # ��0RTH����!��������7�!����$!����!�����S��?�+5!���!�$�#�#����������� �������!�������!����#�#��$�  ��!��������� !#���#��� �#��  �$!����������������� !���!�
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�P]̂_ẀaUbcQdVcWeSQRbdWfUbWQRVbab̂g R̂bhTWiajjadicagVcWdkadl7��
����������/
��������!�0������ ��������������X����������]QSWQ mVb̂jaRWa]QnaVô dRpaR_̂ql7��
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Paper III 
Saffar Shamshirgar, A., Rojas Hernández, R. E., Tewari, G. C., Fernández, J. F., Ivanov, R., 
Karppinen, M., & Hussainova, I. (2021). Functionally Graded Tunable Microwave 
Absorber with Graphene-Augmented Alumina Nanofibers. ACS Applied Materials & 
Interfaces, acsami.1c02899. https://doi.org/10.1021/acsami.1c02899. 
Reproduced with the permission of American Chemical Society (ACS). 
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�|�}0~0+Y��Y����[TbbsV���l̀W[̀SX���[�����UQ�������� TbbsV���eee[UlsW[v̀U�ìuSaQ_�UQb̂SWQ_V
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Intensive interest in graphene and graphene related materials has been centered on their remarkable properties, which offer unique opportunities to address ever-increasing global demand of functional materials. The past years have witnessed considerable advances in the fabrication of graphene-based materials and significant breakthroughs in advanced applications. Nanotechnology has facilitated the development of graphene-based hybrid and composite materials with extraordinary performance and properties. Many reports have shown significant potentials and a wide variety of possible applications of carbon structures in optics, quantum devices, photocatalysis, photovoltaics, thermal management, etc.

One of the areas that graphene-based nanomaterials have recently entered in is microwave absorption using nanoscale-modified heterostructures. Many applications such as antenna designs, and microelectronics, require materials to interact with microwave radiations in a certain fashion, namely broadband absorption or filtering a narrow bandwidth of the frequencies. These applications often pose further constraints on the functionality of the materials, such as geometrical requirements, operational frequency, system compatibility, and structural integrity. To mitigate these often mutually exclusive requirements, most material inventions for microwave absorption are of nanoscale. It has been well-proven, that continuous progress in development of 
new multifunctional nanomaterials and understanding their dielectric and magnetic interactions, especially at gigahertz range is imperative to the technological advancements such as 5G and 6G network development. In such regards, carbon nanostructures such as carbon nanotubes, carbon fibers, graphene, and graphene related materials are the bedrocks of the inventions. Among them, graphene has shown a vast potential for advanced high performance microwave absorption. In various forms of graphene related materials, several polarization mechanisms such as defect polarization-relaxation, electronic dipole relaxation, etc. can be simultaneously present, which greatly increase microwave absorption performance. Furthermore, much effort has been devoted to the fabrication of nanocomposites that host graphene related materials to enforce synergetic effect of additional space charge polarization and multiple internal reflection to enhance the performance even further. These nanocomposites can be designed to serve as advanced multifunctional structures that combine mechanical, thermal, electrical, and chemical requirements of the system. 

Acknowledging the importance of the topic, this work is devoted to development and study of novel multifunctional graphene-ceramic nanocomposites of a high-performance microwave absorption and further thermo-mechanical functionalities. The cornerstone of the work is the recently developed graphene augmented alumina nanofibers representing a great potential for microwave application due to their core-shell conductive-dielectric morphology and a unique band structure that has stemmed from the doping effect of the alumina and morphology of the graphene coating. Moreover, hierarchically structured nanocomposites, which employ the hybrid graphene-alumina nanofibers are proposed to complement the tunability of the absorber structure, enhance microwave absorption, and provide anisotropic thermal and electrical properties. In addition, the alumina matrix used in this work, can ensure the mechanical reliability of the developed hierarchical structures which can render them excellent choices for harsh environments. 
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		ALD

		Atomic Layer Deposition



		ANF

		Alumina Nanofiber



		CMC

		Ceramic Matrix Composite



		CNT

		Carbon Nanotube



		CVD

		Chemical Vapor Deposition



		EM

		Electro-Magnetic



		EMI

		Electro-Magnetic Interference



		EMI SE

		Electro-Magnetic Interference Shielding Effectiveness



		fcc

		Face-Centered Cubic



		FESEM

		Field Emission Scanning Electron Microscope



		FSM

		Fibonacci Sequenced Multilayer



		GAIN

		Graphene Augmented Inorganic Nanofibers



		GO

		Graphene Oxide



		GRM

		Graphene Related Materials



		hBN

		Hexagonal Boron Nitride



		hcp

		Hexagonal Closed-Packed



		HR-TEM

		High Resolution Transmission Electron Microscope



		HV

		Hardness Value (Vicker’s Hardness)



		MAM

		Microwave Absorbing Material



		MFP

		Mean Free Path



		MWCNT

		Multi-Walled Carbon Nanotube



		N-doped

		Nitrogen doped



		NRW

		Nicolson-Ross-Weir



		PEC

		Perfect Electric Conductor



		PPMS

		Physical Property Measurement System



		RF

		Radio Frequency



		rGO

		Reduced Graphene Oxide



		RL

		Reflection Loss



		sccm

		Standard cubic centimeters per minute



		SEA

		Shielding Effectiveness Due to Absorption



		SEM

		Scanning Electron Microscope



		SER

		Shielding Effectiveness Due to Reflection



		SPS

		Spark Plasma Sintering



		SWCNT

		Single-Walled Carbon Nanotube



		TE

		Thermoelectric



		TE10

		Transverse Electric 



		TPS

		Transient Plane Source



		Vol.%

		Volume percentage



		WR-90

		Rectangular Waveguide 90



		Wt.%

		Weight percentage



		XRD

		X-Ray Diffraction



		ZT

		Thermoelectric Figure of Merit
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		ε

		Permittivity



		ε′′

		Dielectric loss factor



		µ

		Permeability



		μ

		Carrier mobility



		n

		Carrier density/concentration



		Ω

		Resistance



		σ

		Electrical conductivity



		ρ

		Resistivity



		Cp

		Specific heat capacity



		Tan δε

		Dielectric loss tangent



		Tan δμ

		Magnetic loss tangent



		k

		Thermal conductivity



		α

		Thermal diffusivity



		λ

		Phonon mean free path



		⊥

		Perpendicular direction (through-plane)



		∥

		Parallel direction (in-plane)



		CH4

		Methane



		H2

		Hydrogen



		N2

		Nitrogen



		γ

		Propagation constant



		η

		Characteristic impedance



		Z0

		Impedance of free space



		Zin

		Input impedance



		p

		Power
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This chapter provides state of the art of the performed research in the area of graphene-ceramic composites, their properties, routes of sintering, as well as the mechanisms of thermal, and electrical transport related to the presence of carbon nanostructures in the materials. Moreover, an overview of electromagnetic interference shielding with a focus on carbon-based microwave absorbers is provided.

[bookmark: _Toc72867893][bookmark: _Toc77608245]Ceramic matrix composites

Ceramic matrix composites (CMCs) are usually materials that provide the desirable set of properties combining excellent mechanical properties and chemical inertness of a ceramic matrix with specific properties of the additives (Bansal & Lamon, 2003). CMCs are considered as inverse composites, that is to say the brittle ceramic matrix is the first to fail under load. Hence, the filler reinforcement in such structures arrest and/or deflect cracks at the filler-matrix interface to reduce brittle failure of the composite (Krenkel & Renz, 2008). The crack trajectory deflection at the interface is achieved through weakening of the interface by employing a thin interphase layer, functioning as mechanical fuse. Examples are hexagonal boron nitride (hBN) and pyrolytic carbon (Krenkel & Renz, 2008). For fiber reinforced CMCs, oxide fibers (such as alumina), despite having excellent oxidation resistant and mechanical properties are less desirable over carbon and SiC based fibers due to their high creep rates. Therefore, coating interfaces such as monazite (LaPO4), ZrO2, TiO2, and layered perovskites on various oxide fibers, create a more effective, even though more complex, reinforcement (Bansal & Lamon, 2003). Recently, the nanostructured carbon-alumina hybrid fibers as an emerging area has shown 
a vast potential for optimization of the bulk composite properties (Ivanov et al., 2015). In addition to mechanical properties of CMCs, by employing ferroelectrics, piezoelectrics, ion-conductors, and optical ceramics, CMCs have been tuned for electrical, thermal, electromagnetic, and catalytic applications (Phelps & Wachtman, 2000).
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Aluminum oxide (Alumina, Al2O3) is one of the most widely used technical ceramics and industry standard for electronic substrates due to its low production costs as well as high strength, maximum service temperature, relatively low chemical inertness, low electrical resistivity, and low dielectric loss factor (ε′′). Alumina has a broad range of applications in cutting tools, gas purifications systems, and radio frequency (RF) window materials 
(de Faoite, Browne, Chang-Díaz, & Stanton, 2012). Besides the thermodynamically 
stable α-Al2O3, several metastable polymorphs of alumina can be divided into two 
main categories: (I) face-centered cubic (fcc) and (II) hexagonal close-packed (hcp). 
The distribution of oxygen anions follows the main two crystal structures; therefore, 
the distribution of the cations makes up the subgroup metastable polymorphs. 
The fcc subgroup (also known as transition polymorphs) includes cubic γ and η, monoclinic θ, and tetragonal or orthorhombic δ phases. In the Figure ‎1.1a–d the hcp position of oxygen atoms and cubic structured oxygen and aluminum atoms are shown for α and γ, respectively. In crystallography terms, α-Al2O3 has a trigonal symmetry with rhombohedral Bravais centering with a space group R-c (number 167 in (Bradly & Cracknell, 1972)). The metastable γ-Al2O3 with O atoms in cubic close-packed arrangement and Al atoms occupying octahedral and tetrahedral sites is commonly accepted to have symmetry of ideal spinel (Levin & Brandon, 2005) with Fd-m (number 227 in (Bradly & Cracknell, 1972)). The γ phase undergoes a transition process towards the more stable α-Al2O3 at temperature interval of 1050–1200 °C depending on the initial particle size and heating rates, through γ→δ→θ→α phase transformation sequence. This transition is one of the synthesis routes for preparation of commercial α-Al2O3 powder and fibers via thermal dehydration of a crystalline aluminum oxyhydroxide (boehmite, AlO(OH)) phase. The sequences of the phase transformation are not definitive. That is to say, neither experimental evidence show that δ→θ necessary happens, nor there is enough evidence to disprove a direct γ→α transition (Levin & Brandon, 2005). Nonetheless, it was shown that at around 950 °C partial transformation to δ phase begins which coexists with γ-Al2O3, while beyond that temperature, θ-Al2O3 and correspondingly θ→α occurs (Lamouri et al., 2017).
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[bookmark: _Ref65337729]Figure ‎1.1 Standard orientation and projections along [001] direction of (a,b) conventional unit cell of hexagonal α-Al2O3 (Lewis, Schwarzenbach, & Flack, 1982); and (b,c) cubic γ-Al2O3 phase (L. Deyu, B.H. O’Connor, G.I.D Roach, 1990).
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The two-dimensional sheet of sp2 hybridized carbon atoms possesses several extraordinary intrinsic properties such as extreme electron mobility (200000 cm2v–1s–1), ultra-high modulus of elasticity (~1 TPa), and high thermal conductivity (~5000 Wm–1K–1), while being optically transparent with almost 98 % transmittance in visible region of the spectrum (Foa Torres, Roche, & Charlier, 2013). Since the isolation of monolayer graphene in 2004, various approaches have been developed to scale-up the production and improve the quality of the sheets (Geim & Novoselov, 2007). In general, the production methods consist of the top-down approach which starts with graphite, and the bottom-up approach which mostly relies on synthesis of graphene from hydrocarbon precursors for low-cost production. Chemical vapor deposition (CVD) is one of the most widely used methods to deposit graphene sheets from methane (CH4) on a variety of substrates. Most of these processes result in various forms of carbon structures such as bilayer, trilayer, and few-layer graphene (depending on the basal plane counts), 2D films, polycrystalline and nanocrystalline forms (depending on grain size), twisted graphene, and a number of unintentionally functionalized products containing OH groups or N atoms.



[bookmark: _Toc72867896]Graphene on oxide substrates

In general, evolution of CVD graphene takes place via two distinct processes: catalytic growth at high and low temperatures, and the high temperature spontaneous growth. The catalytic growth includes deposition on transition metal substrates such as Cu via surface adsorption and Ni via surface segregation or precipitation due to the difference in solubility of C atoms between the two (<0.001 on Cu,∼1.3 on Ni at 1000 °C) (X. Li, Cai, Colombo, & Ruoff, 2009; Wu et al., 2012). However, these processes require further chemical treatment to transfer the grown sheets, through which often contamination and/or defects are introduced. The second approach is a transfer free deposition via spontaneous dehydration of the C precursor on a variety of oxide substrates. This includes deposition on sapphire, quartz, and SiO2 at high temperature and on MgO and ZrO2 at low temperature (J. Park, Lee, Choi, Hwang, & Song, 2015). The spontaneous dehydration of C precursor can be done on virtually any nonmetallic substrates that withstand high temperatures of hydrocarbon pyrolysis (1000 °C) without a need for a catalyst (Cole, Lindvall, & Yurgens, 2012). 
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[bookmark: _Ref66794441]Figure ‎1.2 Energy path for the sequence of graphene nucleation on γ-Al2O3 substrate via low temperature catalytic and high temperature spontaneous (non-catalytic) processes. The concept is adopted from (Park et al., 2015).

Among the available oxide substrates, γ-Al2O3 offers a unique potential for graphene growth owing to its weak bonding with carbon and a promising application range due to its dielectric nature with a low leakage current density provided by its large band gap (~8.2 eV) (Tanner, Perng, Frewin, Saddow, & Chang, 2007). The highly reactive tricoordinated Al (AlIII) sites on the surface act as catalytic sites that lower the activation energy for a surface-regulated nucleation and growth. These sites can accommodate decomposed C adatoms which attach themselves to sp2 graphene rings via diffusion process (Lee, Park, Park, Choi, & Song, 2017). Recently, using hot-walled CVD, polycrystalline graphene was grown on γ-Al2O3 nanofibers and demonstrated a remarkable potential for various technological applications (Hussainova et al., 2015). Figure ‎1.2 is a demonstration of the barriers on activation energy for graphene nucleation and sp2 formation for low temperature catalytic growth and high temperature spontaneous dehydrogenation of CH4.



[bookmark: _Toc72867897][bookmark: _Toc77608248]Spark Plasma Sintering

Spark Plasma Sintering (SPS) is a sintering technology that combines uniaxial mechanical pressure and heating that is resulted from electrical discharge. In this approach, raw powder or pre-sintered green body is placed in a graphite die, mechanical pressure is applied onto the top and bottom punches, and DC current is passed through the die or the sample (depending on the resistivity of the sample). In many cases where the electrical conductivity of the sample (either at room temperature or at elevated temperature) is higher than the graphite die, current is forced through the sample, 
which results in local joule heating. This phenomenon, results in heating rates as high as 
1000 °C/min. Therefore, SPS allows significantly faster sintering rates as compared to conventional convection based sintering approach, which often is a crucial consideration in sintering of ceramics as an effective measure to limit grain growth during densification (Guillon et al., 2014). 

[bookmark: _Toc72867898][bookmark: _Toc77608249]Graphene-ceramic nanocomposites

Since the introduction of graphene and carbon nanotubes, a significant interest in the topic of ceramic matrix composites added by graphene, graphene related materials (GRM), and CNTs has proven many possible applications. Ceramic precursors often bond with graphene at molecular level, creating hierarchical structures with anisotropic properties (Huang & Wan, 2020). It has been shown that graphene and GRMs such as graphene oxide (GO), reduced graphene oxide (rGO), and graphene nanoplatelets (GNP), as well as single-wall carbon nanotubes (SWCNT), and multi-wall carbon nanotubes (MWCNT) can act as reinforcing agents and fillers to provide electrical, thermal, chemical, and electromagnetic performance (Ramírez et al., 2021; Singh et al., 2011). In the following sections, a brief overview of the state of the art in the areas of thermal, thermoelectric, and microwave absorbing graphene-based composites is provided.

[bookmark: _Toc72867899][bookmark: _Toc77608250]Thermal applications

Although there are similarities in phonon dispersion and crystal lattice inharmonicity of graphene and graphite, it has been experimentally shown that thermal transport is more efficient in graphene than in the basal planes of graphite (Balandin, 2011). The first reports on thermal conductivity of a suspended single-layer graphene have revealed a room temperature value of∼2000 W·m–1·K–1 (Balandin et al., 2008). This is attributed to the fact that the mean free path (MFP) of the long-wavelength phonons in a 2D graphene sheet is only limited by the size of the graphene sheet and is experimentally proven to have logarithmic divergence to intrinsic values as the size increases (Xu et al., 2014). 
In other studies, it was observed that thermal transport crossover from 2D graphene to 3D graphite for few layer graphene when the number of layers change from 2 to ~8 (Balandin, 2011). This is explicitly related to the suppressed Umklapp scattering in single layer graphene (limited only by the boundary scattering) which unlike for 3D systems, is insufficient for restoration of thermal equilibrium. This excellent property coupled with versatility of graphene and its related materials initiated a vast number of studies regarding the application of graphene in advanced thermal management (Malekpour & Balandin, 2018). CVD graphene coating on porous foams of Al2O3 have shown low sheet resistivity of 0.11 Ω·sq–1 and thermal conductivity of 8.28 W·m–1·K–1 (Zhou et al., 2013). In a different work, (Zhang et al., 2017) have produced a hybrid material consisting of 3D graphene template coated by Al2O3 nanoparticles using atomic layer deposition (ALD). The remarkably lightweight resulting product has shown super-elastic response, electrical conductivity of 102 S·m–1 and insulating thermal conductivity of 0.05 W·m–1·K–1. Addition of 16 vol.% GNPs in the matrix of Si3N4 has resulted in an anisotropic thermal response with in-plane values reaching 40 W·m–1·K–1, twice the thermal conductivity of the matrix (Miranzo et al., 2012). In contrast, introducing GNP and CNT to the matrix of Al2O3 is often associated with a decrease in room temperature thermal conductivity (Çelik, Çelik, Flahaut, & Suvaci, 2016; Zhan & Mukherjee, 2005). However, by increasing the length of MWCNT to 1–7 μm, (Kumari et al., 2008) have obtained thermal conductivity value of∼90 W·m–1·K–1 at 100 °C for a composite with 7.39 wt.% of MWCNT in Al2O3 matrix sintered at 1550 °C. This increase was attributed to the increased MFP due to the high aspect ratio of the filler MWCNTs and reduced tube-tube interactions, which promoted a more dominant contribution of Umklapp scattering. It was also found that the thermal conductivity of such structures is highly dependent on the bulk density and sintering temperature (Kumari et al., 2008).

[bookmark: _Toc72867900][bookmark: _Toc77608251]Thermoelectric applications

Tunability of graphene and GRMs has attracted attention in the field of thermoelectric (TE) materials. Thermoelectric energy harvesting is a technologically viable solution that utilizes Seebeck effect through which, a temperature gradient on two sides of a material is converted into a potential difference (voltage). The opposite of this process is called Peltier effect with applications in cooling systems. The efficiency of a thermoelectric material can be quantified by the dimensionless thermoelectric Figure of Merit (ZT) which is directly proportional to the Seebeck coefficient and electrical conductivity of the material; and is inversely proportional to its thermal conductivity (Equation 1). Therefore, a high efficiency can be achieved through designing a material with high Seebeck coefficient and electrical conductivity, while keeping thermal conductivity low. Though, the tradeoff that exists between the three properties makes the design challenging (Ju, Kim, Yook, Han, & Cho, 2019; Russ, Glaudell, Urban, Chabinyc, & Segalman, 2016). The magnitude of the Seebeck coefficient and value of electrical conductivity in a material are closely in connection with the shape of the density of states near the Fermi level. Equation 2 shows the correlation of thermopower (Seebeck voltage, α) and Fermi energy (Ef). In this equation, KB is the Boltzmann constant, T is the temperature, e is the elementary charge, and N(E) is the density of states.



	(1)



	(2)



In this regard, carbon family, in particular graphene and GRMs, offer promising potential for tuning their electronic properties to mitigate the requirements of a high efficiency TE material (Wei et al., 2020). Carrier density in graphene and GRMs can be precisely tuned to correspond to the optimal Seebeck coefficient and electrical conductivity following the σ = neμ relationship and Equation 1. Introducing bandgap through doping, controlling carrier density, and Fermi engineering, all have direct influence on the Seebeck coefficient and subsequently ZT. Additionally, employing graphene and GRMs in the matrix of traditional TE materials, can decrease thermal conductivity of the host matrix by introducing interface scattering and thermal boundary resistance (Blackburn, Ferguson, Cho, & Grunlan, 2018). Figure ‎1.3 shows the correlation between various properties and carrier density in a TE material.
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[bookmark: _Ref71379273]Figure ‎1.3 Schematic depicting co-dependence of various TE properties on carrier density (over three orders of magnitude). The figure is reproduced with permission (Blackburn et al., 2018).

It is demonstrated that incorporation of rGO in undoped perovskite SrTiO3 weakens the double Schottky barrier and thereby simultaneously increase carrier concentration and mobility (Rahman et al., 2019). It was shown that addition of 1 wt.% rGO to SrTiO3 yields ZT of 0.25 at 1000 K (Srivastava et al., 2019). The ZT value of SrTiO3 (0.22 at 800 K)  was almost doubled by incorporation of 0.6 wt.% rGO which strongly prohibited 
the phonon transport and increased electrical conductivity (Okhay et al., 2019). Incorporation of 7 wt.% rGO in Si3N4 yielded ZT value of 0.09 at 300 K (Ramirez, Leborán, Rivadulla, Miranzo, & Osendi, 2016). (Ghosh, Harish, Ohtaki, & Saha, 2020) achieved ZT value of 0.01 at 300 K by incorporation of 10 wt.% graphene and ZnO in a cement composite.

[bookmark: _Toc72867901][bookmark: _Toc77608252]Electromagnetic interference shielding and RF absorption

Electromagnetic (EM) radiations play a major role in everyday life. These radiations ranging from radio frequencies, through visible spectrum, to cosmic rays; are emitted 
by natural sources in cosmos such as the sun and artificial EM sources such as antennas and electronic devices. The ability to control the undesirable portion of these radiations and channel them towards a safe path is an essential design requirement that its 
state-of-the-art must go hand in hand with technological advancements. EM interference (EMI) shielding is defined as the reduction in the power of the incident wave by one or combination of the three phenomena of reflection, absorption, and multiple internal reflections (Figure ‎1.4) (Sebastian, 2017). For most application, such as those in miniature devices, microelectronics, and antenna designs, absorption is the desired mode of shielding (H. Chen et al., 2019). 
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[bookmark: _Ref71538150]Figure ‎1.4 Mechanisms of interaction of electromagnetic wave with matter.

The challenge of designing an efficient EM absorber is embedded into the characteristic nature of EM radiations and their modes of interaction with matter.
In fact, every portion of this wide range of wavelengths undergoes a different mode(s) of interaction/polarization while encountering matter. Therefore, to design a viable solution for EM absorption, one has to consider the bandwidth restrictions, and correspondingly, pick the right materials and structural geometries. Nowadays, with the extensive use of portable electronics and radio frequency developments such as 5G network, the microwave frequencies have become the most widely used frequency range for their applications in stealth, communications, and information technologies. Microwave absorption has recently emerged as an area of nanomaterial development since the intrinsic behavior of the microwave absorbing materials (MAMs) dictates their efficiency and modes of interaction with microwave radiations (Green & Chen, 2019). These materials often require functionalization at the nanoscale in order to tune their permittivity and permeability to achieve the desired absorption efficiency. Microwave radiations can be attenuated by an external impact on their electric or magnetic component. The attenuation of the electric component can be done via atomic, electronic, orientational, and space charge polarizations, each having their own cut-off frequencies (Figure ‎1.5). Among them, space charge polarizations emanate from the presence of various interfaces in the structure such as composites, core-shell fillers, etc. Similarly, the magnetic component can be influenced by mechanisms of domain wall resonance, natural resonance, and eddy current loss (Green & Chen, 2019). 
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[bookmark: _Ref71538562]Figure ‎1.5 Frequency dependence of dielectric polarizations.

Due to their various response times, each of those phenomena are effective at certain frequency range (Sebastian, 2017). Therefore, a precise structuring and fine-tuning of the properties can give rise to high performance microwave absorbers that employ synergetic abilities to cover a broad range of spectrum. Specifically, the magnetic component is effective at the lower end of the microwave spectra <10 GHz, while at higher frequency range the dielectric loss is responsible for microwave absorption (Thomas, 2018). Carbon nanomaterials, including carbon nanotubes (CNT) (Shi & Liang, 2008) (Vázquez & Prato, 2009), carbon fibers (Rohini & Bose, 2019), nanocoils (Wang 
et al., 2012), graphene, and GRMs (H. Chen et al., 2019) are considered as competitive candidates for MAMs due to their outstanding features of lightweight, large specific surface area, physical and chemical stability, and excellent dielectric loss. In addition, embedding carbon-based fillers in ceramic matrix materials with low permittivity, promotes additional space-charge polarization, and multiple internal reflection, which can strongly improve absorption performance (Micheli, Apollo, Pastore, & Marchetti, 2010). (Yuchang, Qinlong, Fa, & Wancheng, 2016) tested a 1.5 mm composite with incorporation of 2 vol.% GNP in the matrix of Al2O3 at X-band. The result showed a -25 dB narrowband absorption peak at ∼10 GHz while temperature dependence test showed a full X-band 25 dB EMI shielding effectiveness (EMI SE) at 100 °C. It is worth noting that 
X-band is intensively employed for satellite communications, weather monitoring, terrestrial mapping, and radar applications. (C. Chen et al., 2018) embedded 2.5 vol.% graphene nanosheets in MgO matrix and obtained a full X-band -10dB absorption with a narrowband -36.5 dB peak centered at 10.7 GHz. Several other works have portrayed the significant potential of carbon structures such as graphene and GRMs embedded into ceramic matrices for EM absorption at microwave and terahertz frequencies (Delfini 
et al., 2018; Meng et al., 2018). 

[bookmark: _Toc72867902][bookmark: _Toc77608253]Multilayer and hierarchical structures

In addition to monolithic graphene-ceramic composite structures, double-layer and multilayer designs can help to reduce surface scattering and enhance absorption. In an ideal case of MAM, the surface impedance equals that of the free space (Z0 = Zin). If this condition is met, the surface reflection is avoided, and the entire power of the incident wave is transferred to the absorber (no surface scattering). Impedance matching is a technique that can be used as an effective tool by designing a lossless window layer on the surface that modulates the bulk’s impedance. Addition of electrically conductive graphene and GRMs into dielectric matrices can decrease impedance of the bulks whose magnitudes are affected by the fillers’ contents. As an impedance mismatch between the surface of an absorber and the impedance of the free space is the root cause of surface scattering, which limits power transfer to the absorber structure, an additional surface layer can match the impedance of the free space and minimize power loss at the surface (Figure ‎1.6a). 
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[bookmark: _Ref71559804]Figure ‎1.6 Microwave absorber designs (a) double layer; (b) functionally graded multilayer absorber. The dash lines are the representation of the EM field with electric (E) and magnetic (H) component propagating through the absorber layers.

Furthermore, when EM radiations encounter an absorber at angle θ1, if the refractive index of the absorber (n2) differ from the medium in which the radiations are propagating (n1), a reflection phenomenon occurs that has angle θ2 following Snell’s law (Figure ‎1.6a). Design of a functionally graded multilayer structure, in which the conductive filler content is gradually increasing on the path of the incoming incident wave, ensures an impedance gradient, which greatly enhances the attenuation ability of the bulk as a result of the efficient use of the entire cross-section of the bulk (Figure ‎1.6b).

A similar strategy was used to prepare multilayers of CNTs/SiO2 with a gradient in CNT content comprising of 2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.% layers. The X-band absorption result was compared to that of a homogenous composite sample with 5 wt.% CNTs. It was shown that the insertion loss stayed the same while absorption efficiency was greatly improved in the whole X-band (M. Chen et al., 2011). Graphene based microwave absorbers with multilayer structures can be tuned by tailoring the intrinsic properties of the utilized materials, controlling the composition of the layers, and tuning the thicknesses of the layers. This tuning ability allows designing high efficiency broadband or frequency specific composite microwave absorbers (W. Li et al., 2017; Mencarelli, Pierantoni, Stocchi, & Bellucci, 2016; Micheli et al., 2012; Panwar & Lee, 2019; K. Park, Lee, Kim, & Han, 2006; Ye et al., 2018).

[bookmark: _Toc72867903][bookmark: _Toc77608254]Objectives of the study

This research was motivated by the pressing need for lightweight, cost-effective, and high-performance microwave absorbers. Graphene augmented alumina nanofibers (GAIN) represent a remarkable potential for applications as high-performance microwave absorbers, which stems from their core-shell conductive-dielectric-conductive morphology and intrinsic electronic properties of polycrystalline graphene. With the extensive use of the portable electronics and radio frequency developments such as 5G network, design and exploration of high-performance and lightweight microwave absorbing materials are highly desired. Suitable microwave absorbing materials require functionalization at nanoscale to acquire on-demand tunability in order to match them with applications such as broadband or frequency specific absorbing components. Therefore, the overall objective of the study is the development, optimization and evaluation of anisotropic hierarchically structured composite as an efficient microwave absorber. To achieve the goal, the hybrid graphene-alumina nanofibers were incorporated into the matrix of α-Al2O3 to prepare an efficient multilayered architecture for providing a range of the required properties including but not limited to enhanced 
X-band absorption, high strength, and anisotropic thermal and electrical properties.  



The specific goals of the work are as following:



I. Design and deposition of graphene layers onto γ-Al2O3 nanofibrous substrate and thorough characterization of their structural features, and transport properties.

II. Fabrication of homogeneous composite structures of GAIN/α-Al2O3 with various contents of GAIN by spark plasma sintering to study the influence of GAIN fibers on the microwave absorption performance of the host matrix.

III. Comprehensive study of phase and microstructural evolution, electronic and dielectric properties, thermal transport, thermoelectric effect, and microwave absorption performance of the developed homogeneous composite structures as a function of added GAIN fillers.

IV. Design a protocol for fabrication of sandwiched and multilayer structures of GAIN/α-Al2O3 and optimization of their sintering routes. 

V. Design and simulation of the microwave absorption performance of functionally graded multilayer structures to enhance power transfer and absorption performance of the bulk.

VI. Manufacturing and characterization of the functionally graded multilayer structures in terms of graphene structure, microstructural evolution, mechanical properties, and microwave absorption performance at X-band.

VII. Design functional multilayer structure with a full X-band absorption.

[bookmark: _Toc72867904][bookmark: _Toc77608255]Materials and methods

[bookmark: _Toc72867905][bookmark: _Toc77608256]Precursors

[bookmark: _Toc72867906][bookmark: _Toc77608257]Alumina nanopowder

Commercially available ultra-fine α-alumina (purity >99.99 %, TM-DAR, Taimei Chemicals Co, Ltd, Japan) with an average particle size of 100 nm was used as the matrix material in homogeneous composites and multilayer structures. The manufacturer specifies the density of 3.96 g·cm3.

[bookmark: _Toc72867907][bookmark: _Toc77608258]Alumina nanofibers

Alumina nanofibers network, produced by a recently developed process of controlled liquid phase oxidation from aluminum melt (Kutuzov, 2013) was employed as the substrate for CVD graphene deposition. The network represents a highly aligned mesoporous structure with a single nanofiber diameter ranging from 5 up to 10 nm and aspect ratio of up to 107 (Aghayan, Hussainova, Gasik, Kutuzov, & Friman, 2013). Optical image of a typical block of the fibers before CVD processing together with SEM and TEM images are provided in Figure ‎2.1.
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[bookmark: _Ref71814254]Figure ‎2.1 (a) Optical image of a block of alumina nanofibers; (b) SEM image of the cross section of the block; (c) SEM image of the block portraying the self-alignment of the nanofibers; (d-e) HR-TEM images of the fibers.

[bookmark: _Toc72867908][bookmark: _Toc77608259]Graphene augmented alumina nanofibers

Graphene augmented inorganic nanofibers (GAIN) were produced using a single step catalyst-free hot-wall CVD technique in a tube furnace kept at 1000 °C for 30 min total time. The baseline process is detailed in (Ivanov et al., 2015). A modification on the baseline process in terms of flow rates and dwell time was made in order to minimize graphene layer count while maintaining homogeneous and conformal deposition. Aligned γ-Al2O3 bundles of 4 cm long and 0.7 × 0.7 cm2 in cross section were cut and used as substrate for graphene deposition. Dried weight of the γ-Al2O3 nanofibrous bundle prior to the CVD deposition was ∼0.15 g. Firstly, the nanofibers were loaded into the tube furnace and dried for 10 minutes in air (open furnace) at 1000 °C to remove organic residues and OH adatoms. Second, the furnace was sealed on both sides and the fibers were treated in 1000 sccm of N2 for 10 minutes to further purify the substrate from surface adsorbed impurities. Third, N2 was closed, and deposition started using 25 sccm H2 and 50 sccm CH4. In this approach, H2 acts as etching gas to remove loosely bonded and out of plane carbon atoms promoting more sp2 hybridization. The process was stopped after 10 minutes of deposition and coated fibers were quenched to room temperature in 4000 sccm N2 stream to prevent reduction of carbon at elevated temperature. Optical images and schematic of GAIN fibers are provided in Figure ‎2.2. 
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[bookmark: _Ref71818893]Figure ‎2.2 (a) Optical image of a γ-Al2O3 nanofibers bundle before CVD; (b) optical image of the GAIN obtained from CVD process; (c) schematic representation of polycrystalline graphene augmenting alumina nanofibers (constructed using VESTA by jp-minerals and Nanotube Modeler by JCrystal Soft).

[bookmark: _Ref72172875][bookmark: _Toc72867909][bookmark: _Toc77608260]Processing routes

Processing of the composites consisted of powder processing for preparation of homogeneous composites and solution-based filtration technique for implementation of the layered structures. A schematic of the full process from CVD coating to SPS is provided in Figure ‎2.3.

[bookmark: _Toc72867910][bookmark: _Toc77608261]Powder processing

To prepare composites of GAIN and α-Al2O3, the fibers were ground in a mortar, dispersed in ethanol, then sonicated using a sonication rod (Hielscher UP400S) for 20 min with 20 W and procedure of “2 s on – 1 s off” as detailed in Paper I. The suspension was dried at 70 °C for 12 h in air; and GAIN fibers of 300–600 nm in length were collected. 
To prepare the power compositions, the as-prepared GAIN and α-Al2O3 nanopowder were weighed corresponding to 1, 3, 5, 15, and 25 wt.% of GAIN, dispersed in ethanol and further sonicated for 20 min with 20 W and procedure of “2 s on – 1 s off”. 
The powder compositions were dried at 70 °C for 12 h in a muffle furnace in air. In order to prepare the multilayer structures, the as-prepared short GAIN fibers were weighed and mixed with corresponding amounts of α-Al2O3, dispersed in chloroform (CHCl₃) and sonicated for 20 min with 20 W and procedure of “2 s on – 1 s off” as detailed in Paper I. The suspensions were directly used for fabrication of multilayers.

[bookmark: _Toc72867911][bookmark: _Toc77608262]Colloidal suspension

The colloidal suspension obtained from the sonication of GAIN and α-Al2O3 in chloroform was used in layer-by-layer deposition directly inside SPS die (Figure ‎2.3). Prior to that, two green pellets of α-Al2O3 nano-powder corresponding to a sintered thickness of 
2–10 mm (varied for various studies) were produced without plasticizer under 5 MPa of pressure to insert as the top and bottom layers of the structures. One of the green pellets was placed inside the SPS die, the die was placed on a glass flask coupled with a vacuum pump. The colloidal suspension of GAIN and α-Al2O3 was dropped slowly using a pipette and filtered through the die. The process could be repeated as many times as needed to prepare designed architecture. After the filtration, another green pellet was inserted in the die (as the top layer) and the entire structure was further rinsed by filtration of chloroform. Then, the die was removed and placed in a muffle furnace for drying at 
70 °C for 12 h in air.
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[bookmark: _Ref71822117]Figure ‎2.3 Processing steps for fabrication of composite structures.

[bookmark: _Ref72237659][bookmark: _Ref72760159][bookmark: _Toc72867912][bookmark: _Toc77608263]Consolidation approaches

The powder compositions were weighed for desired thickness of the final specimen (according to theoretical density calculations using the rule of mixtures), loaded to SPS dies of 20 and 30 mm in diameters and consolidated using spark plasma sintering 
(FCT System GmbH SPS furnace, Germany). Two separate approaches employed for consolidation of the structures are as follows: I) 1150 °C, 75 MPa uniaxial pressure in a vacuum (cycle designation – LT); II) 1450 °C, 50 MPa uniaxial pressure in 1 bar N2 (cycle designation – HT). The SPS cycles for temperature and force as a function of process time for both approaches are illustrated in Figure ‎2.4. To prepare the sintered bulks for physical characterizations, approximately 200 µm was grinded off from both sides of the samples to eliminate impurities due to diffusion of carbon into the cylinder top and bottom faces. Lastly, the procedure was complete by polishing down to 0.5 µm using diamond discs and to 0.05 µm using diamond slurry.
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[bookmark: _Ref71887695]Figure ‎2.4 Spark plasma sintering cycle for consolidation of structures using (a) high temperature with dwell temperature of 1450 °C; and (b) low temperature approach with dwell temperature of 1150 °C.

[bookmark: _Toc72867913][bookmark: _Toc77608264]Characterization methods

In this section, characterization methodologies and analysis methods are described. 

[bookmark: _Toc72867914][bookmark: _Toc77608265]Microstructural analysis

For microstructural characterization of the GAIN fillers and composite structures, a field emission scanning electron microscope (FEG-SEM Zeiss ULTRA-55, Germany) equipped with EDS (energy dispersive X-ray spectrometer, BRUKER, Esprit 1.82 system, USA) 
with voltage of up to 20 kV and magnifications up to 50 kX was used. Some of the microstructural analysis in this study were carried out using a second electron microscope (HR-SEM Zeiss Merlin, Germany) equipped with an energy dispersive X-ray spectrometer (Bruker EDX-XFlash6/30 detector) with operating voltage of 5 kV. Grain size analysis was carried out by image analysis of SEM images considering at least 500 readings using Image Pro Plus 7.0 package by Media Cybernetics. All the SEM images for this analysis were recorded at the same magnification (5000x) and at least three micrographs from each sample were analyzed to get reliable statistics. Resulting size of the GAIN fibers after solution-based mixing process was determined by laser scattering method using Mastersizer 3000, Malvern Panalytical, equipped with a λ = 632.8 nm 
He–Ne laser. The morphology of the hybrid GAIN was examined by JEOL JEM-2800 high resolution transmission electron microscope (HRTEM, JEOL Ltd., Tokyo, Japan).





[bookmark: _Toc72867915][bookmark: _Toc77608266]Phase characterization

Carbon content of the CVD graphene augmented alumina nanofibers was determined using a LECO CS 200 Carbon-Sulphur analyzer. Three measurements were made, and the arithmetic mean was used to calculate the corresponding carbon content of the composites. 

Raman spectroscopy was carried out using Horiba LabRAM 800 high-resolution spectrometer equipped with a 532 nm laser excitation wavelength at room temperature (RT) and a 50X objective lens (NA = 0.95). The incident laser power was 2–7 mW. Raman spectral resolution of the system was 1.5 cm−1. Raman mapping of the multilayers was carried out by confocal Raman microscopy (Witec ALPHA 300RA) employing a 532 nm Nd:YAG laser at RT equipped with a 20× objective lens. The grating of 600 g/mm 
BLZ = 500 nm and incident laser power of 0.17 mW was used. The optical diffraction resolution of the confocal microscope was limited to about 200 nm laterally. Raman spectral resolution of the system was 0.02 cm–1 under the best measurement conditions. A piezoelectric scanning table allowed three-dimensional displacements in steps of 3 nm, giving a very high spatial resolution for the confocal Raman spectroscopy. 

Crystalline phases were characterized by Rigaku, Japan, X-ray diffraction equipment (XRD) with a copper sealed 2 kW tube target producing Cu Kα and Kβ emission lines from a generator operating at 40 kV. The collected data was acquired and analyzed using Rigaku SmartLab SE software with a D/teX Ultra 250 1D detector. 

[bookmark: _Toc72867916][bookmark: _Toc77608267]Mechanical properties

The densities (ρ) of the sintered structures were determined using the Archimedes method, ME204 Mettler Toledo, United States, with distilled water as the immersive media. The rule of mixtures using the manufacturers’ density specification for alumina powder (3.96 g·cm−3), alumina fibers (3.65 g·cm−3), and published density value for graphene (2.2 g·cm−3) was used to calculate the relative densities. 

Vickers microhardness tests were carried out under 4.9 N load (HV0.5) using BUEHLER MICROMET 2001 equipped with a square-based orthogonal pyramidal diamond indenter. The HV values were converted to SI unit using Equation 3 according to Annex F, 
ISO 14577–1:2015. In this equation, HV is the Vicker’s hardness, HIT is the indentation hardness, AP is the projected area of the indenter, AS is the contact surface area, and g is the gravitational acceleration equal to 9.81 m·s2.

	(3)

Nanoindentation was carried out using NanoTest Vantage (MicroMaterials ltd, UK) nanoindenter equipped with a diamond Berkovich tip. Prior to the test, calibration was performed on the Berkovich diamond indenter with hardness of 1140 GPa and Poisson’s ratio of 0.07 using a standard fused silica specimen. Loading was performed at 10 mN/s with dwell time of 5 s and unloading rate of 10 mN/s. The drift rate was preset to 
<0.05 nm/s before the beginning of each indentation test.

[bookmark: _Ref72407444][bookmark: _Toc72867917][bookmark: _Toc77608268]Electrical transport measurement

To measure in-plane resistivity of the multilayer structures, a two-probe setup coupled with a tube furnace operating from room temperature to 400 K was used. To prepare the contact areas, first, using a Cressington 308R sputtering system, 80 nm of Pt was deposited on the opposite lateral faces of the rectangular bar shaped specimens, then 500 µm Ag conductive paste was applied, and lastly, samples were thermal treated at 100 °C for 12 h. 

The same procedure was employed to prepare contact areas of homogeneous composites and GAIN fibers for a five terminal method to be measured using a physical property measurement system (PPMS; Quantum design; equipped with 9 T magnetic field) with Hall bar configuration from 4 K to 400 K. In this method, resistance and Hall resistance are simultaneously measured (Figure ‎2.5). 
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[bookmark: _Ref71913336]Figure ‎2.5 Schematic of a sample mounted in five terminal configurations for simultaneous measurement of resistance and Hall resistance using PPMS.

[bookmark: _Toc72867918][bookmark: _Toc77608269]Thermal transport measurement

Simultaneous measurement of thermal conductivity, diffusivity, and specific heat capacity was done on homogeneous composites and multilayers employing transient plane source method using HotDisk 2500S equipment. Two identical specimens were placed in between two XPS insulators; and 5501 Kapton sensor with 6.4 mm diameter was placed between the two specimens for a double-sided isotropic measurement (Figure ‎2.6). For this measurement cylindrical samples with 30 mm diameter and 20 mm thickness were used. The power of 300 mW and 40 s probing time was used for every reading. In total, 10 readings for each sample were recorded and the arithmetic mean average was used for analysis. 

For in-plane and cross-plane thermal transport measurement, laser-flash method (Thermaflash 2200, Holometrix, Netzsch GmbH, Selb, Germany) was employed. 
The in-plane thermal diffusivity (α||) (perpendicular to the SPS pressure axis) was obtained for discs with 20 mm diameter and 600 µm thickness. The through-plane thermal diffusivity (α⊥) (Transversal to the SPS pressure axis) was obtained for square samples (8.8 × 8.8 mm2) from 298 K to 1073 K. Prior to the procedure, thin matte graphite layers were sprayed onto the surfaces of the samples exposed to the laser excitation; 
to avoid energy loss due to surface scattering and maximize absorption.



[image: Diagram

Description automatically generated]

[bookmark: _Ref76301606]Figure ‎2.6 Measurement setup for double-sided transient plane source (TPS) thermal transport measurement.

[bookmark: _Toc72867919][bookmark: _Toc77608270]Thermoelectric characterization

For low temperature thermal transport and thermoelectric study, a physical property measurement system (PPMS, Quantum Design GmbH, USA); equipped with 9 T magnetic field) was used. A set of specimens were cut using a precision diamond wheel to bars of 5 × 10 × 1 mm3. Simultaneously, resistivity (ρ), Seebeck coefficient (S), and thermal conductivity (k) were measured using the thermal transport puck (TTO) of the PPMS on the rectangular bars with the four-probe contact arrangement (Figure ‎2.7). In this procedure, at the steady state, a small amount of heat is applied to one end of the rectangular bars and simultaneously temperature difference and Seebeck voltage are recorded. The Seebeck coefficient is estimated by dividing the Seebeck voltage by the temperature difference. The in-plane thermal conductivity (k||) is calculated using the dimensions of the specimen, distance between the probes, and the temperature difference.
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[bookmark: _Ref71910076]Figure ‎2.7 Image of a GAIN/α-Al2O3 specimen mounted on the puck of PPMS with four probes placed prior to thermoelectric test.

[bookmark: _Ref72509857][bookmark: _Toc72867920][bookmark: _Toc77608271]Dielectric characterization

Complex permittivity and permeability of the composite structures were determined using two-port transmission line method in a rectangular waveguide (WR-90). 
In accordance with ASTM D5568, the scattering parameters [S11(S22) and S21(S12)] were recorded at X-Band frequencies (8.2–12.4 GHz) using an N5222A PNA Vector Network Analyzer (Keysight Technologies) on the fundamental waveguide mode TE10 (transverse electric) (Figure ‎2.8). The N1500A Materials Measurement Suite (Keysight Technologies) was used to directly convert the obtained S-parameters to complex permittivity and permeability using the Nicholson–Ross–Weir (NRW) method. Prior to the measurement, the specimens were cut using a precision diamond (ATM BRILLANT 220) saw and fine polished to the exact geometrical requirement of the waveguide 
(22.86 × 10.16 mm2). In accordance with ASTM D5568, the final transverse geometries of all samples were in the ±100 μm range.
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[bookmark: _Ref71991757]Figure ‎2.8 Measurement setup for microwave S-parameters and dielectric properties using two-port network analyzer. A one-port version of the setup backed with short was used for microwave absorption characterization.

[bookmark: _Toc72867921][bookmark: _Ref72944445][bookmark: _Toc77608272]Design and simulation

The obtained dielectric parameters were used in impedance matching technique in order to design functionally graded multilayer structures. Considering the samples are backed with a perfect electric conductor (PEC) the input impedance of a homogeneous bulk can be calculated using Equation 4. In this equation, where Z0 is the characteristic impedance of free space (377 Ω), Zin is the input impedance of the absorber, f is the measured frequency, d is the thickness of the material, and c is the speed of light. Equation 5 is used to calculate the input impedance of a multilayer with i number of layers in which  is the characteristic impedance of each layer which is calculated using  and propagation constant can be calculated using . Using Equation 6, the reflection loss (RL) and correspondingly absorption efficiency can be calculated.



		(4)

 	(5)



[bookmark: _Ref40696956]		(6)

To optimize layer thicknesses and compositions, an algorithm was developed in Matlab based on Monte Carlo simulation. Monte Carlo simulation relies on random sampling in order to find accidental solutions to otherwise deterministic equations of impedance and surface reflection loss. In this work, utilizing Monte Carlo, the defined boundary conditions stipulated total thickness limitations, and RL <-10 dB, while for each iteration 3×107 random layer thickness values were solved. Some of the Monte Carlo findings were chosen for implementation, others are reported as potential multilayer configurations and future work. 

Ansys HFSS was used to simulate the multilayer structures considering a partially filled rectangular waveguide with the TE10 mode incident. The simulation results were used to compare power transfer rates variations between simulation and experiment. 

[bookmark: _Toc72867922][bookmark: _Toc77608273]Results and discussions

This section summarizes the cumulative data on characterization of GAIN fibers, homogeneous GAIN/α-Al2O3 composites, and functional multilayers. 

[bookmark: _Toc72867923][bookmark: _Toc77608274]Characterization of the precursors

[bookmark: _Ref72336454][bookmark: _Ref72407842][bookmark: _Ref72409784][bookmark: _Ref72514244][bookmark: _Ref72770313][bookmark: _Toc72867924][bookmark: _Toc77608275]GAIN fibers

After CVD graphene deposition on γ-Al2O3 nanofibers, phase identification using X-ray diffraction and Raman spectroscopy; and morphological features using TEM were studied to characterize the resulting GAIN fibers (Paper I, III, IV). Additionally, using gas chromatography, carbon content was measured at 12 wt.% estimated from mean value of five readings. XRD has shown no phase transformation (γ→α) after the CVD process performed at 1000 °C and for post thermal treatment of GAIN at 1150 °C in air. However, a partial γ→α transformation in the case of heat treatment at 1450 °C in N2 and a full transformation after heat treatment at 1450 °C in air is detected (Figure ‎3.1). The heat treatment conditions were chosen to replicate the sintering temperature of the composites in order to elucidate the temperature effect on the phase transformation during consolidation.
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[bookmark: _Ref72319578]Figure ‎3.1 X-Ray diffraction spectra of pristine γ-Al2O3 nanofibers, fibers after CVD, and a series of thermal treatments on GAIN.



A schematic representation of GAIN, optical and SEM images of alumina nanofibers before and after CVD, and TEM images of GAIN are shown in Figure ‎3.2a–h. Raman peak positions and FWHMs obtained from Lorentzian fitting are listed in Table 1. In various TEM micrographs, a discontinuous nanocrystalline few-layer graphene with 1–5 layers is evident (Figure ‎3.2c–e). The discontinuity is shown to have stemmed from the substrate topological defects giving rise to various nucleation centers for sp2 carbon growth. 
The single crystalline graphene sheets originated from the point defects grow until eventually merge to one another. As a result, grain boundaries (GB) form between them that give rise to various properties change such as introduction of band gap. Unlike bulk materials, displacement is allowed for carbon atoms in 2D graphene sheets which manifests as buckled out-of-plane grow in various angles. As is evident from Figure ‎3.2f–g, the high intensity of the defect modulated D peak at 1342 cm–1 as compared to G peak at 1585 cm–1 (ID/IG ratio ~1.81) indicates presence of small sp2 domains, consistent 
with HRTEM observations (Stankovich et al., 2007). The ID/ID’ ratio of ~5.5 corresponds to a combination of hopping and vacancy-like defects (Venezuela, Lazzeri, & Mauri, 2011). 
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[bookmark: _Ref72148115]Figure ‎3.2 (a) Schematic of GAIN with γ-Al2O3 core and graphene coating together with optical images of before and after the CVD process; (b) optical image and SEM images of self-aligned 
γ-Al2O3 nanofibers; (c–e) HRTEM images of a GAIN fiber with 2–3 layers of graphene coating; 
(f) Raman spectrum of GAIN; (g) deconvolution of the peaks providing details on the Raman shift ranging from 1100 to 1800 cm–1; and (h) 2400 to 3200 cm–1. The figure is adopted from Paper III with permission (Shamshirgar et al., 2021).





The 2D Raman mode in graphene is caused by double resonance scattering of TO phonons at the k-point of the zone edge. In GAIN fibers, the 2D peak at 2669 cm–1 is broadened (in comparison with a typical Raman for single layer graphene) with a FWHM of ~116 and a I2D/IG ratio of 0.32. In few-layer graphene, the I2D/IG ratio is peak is ~4 
(the wider the peak gets at 2D region, the more layers of graphene are expected 
(Andrea C. Ferrari, 2007)). For GAIN fibers, the low I2D/IG ratio, position and FWHM of the 2D peak, and existence of a notable D peak can be attributed to the presence of turbostratic carbon (Andrea C. Ferrari, 2007).

The D+D′ peak at ∼2915 cm–1 is the second order of the intra-valley D′ peak at 
~1620 cm–1 and its presence can be in response to hydrogen functionalization (employed during CVD procedure) and sp3 hybridization (Andrea C. Ferrari & Basko, 2013). The 2D band is 21 cm–1 redshifted as compared to a typical single layer graphene. This redshift presumably has stemmed from the local strain caused by the lattice mismatch between γ-Al2O3 substrate and graphene; resulting in a decrease in phonon energies (Andrea C. Ferrari & Basko, 2013). Even though, the same physical mechanism is expected to redshift the G peak, the ~5 cm–1 blueshift of this peak is likely to have originated from the doping effect of the substrate (Stamatin, Hussainova, Ivanov, & Colavita, 2016). 
As a point of comparison, the G peak for a typical single layer graphene is at ~1580 cm–1 measured with similar wavelength laser (Saito, Hofmann, Dresselhaus, Jorio, & Dresselhaus, 2011). In fact, both n- and p-doping shift Fermi level away from the Dirac point and decrease the recombination probability of the charge carriers. This, results in non-adiabatic perturbation of the phonons, removing the Kohn anomaly with the outcome of an increase in phonon energy of the G peak and the subsequent blueshift (Pisana et al., 2007a) (Das et al., 2008). The defect-driven D* and D** peaks at 1210 cm–1 and 1510 cm–1, respectively, can be attributed to sp2-bonded configurations of transpolyacetylene segments at grain boundaries and surfaces of CVD carbon postulated by (A C Ferrari & Robertson, 2001). 



[bookmark: _Ref72154494]Table 1 Peak position, FWHM, intensity ratio comparison for GAIN.

		D

		G

		D′

		2D

		D+D′



		Peak Position

		FWHM

		Peak Position

		FWHM

		Peak Position

		FWHM

		Peak Position

		FWHM

		Peak Position

		FWHM



		1342

		73

		1585

		52

		1620

		45

		2669

		116

		2915

		100







[bookmark: _Toc72867925][bookmark: _Toc77608276]Powder compositions

As was described in Section ‎2.2 GAIN/α-Al2O3 powder mixtures in the ratios of 1, 3, 5, 15, and 25 wt.% GAIN were prepared using sequences of grinding and sonication. The SEM micrographs of the resulting powder mixtures are shown in Figure ‎3.4a-f. Length of the GAIN fibers after processing are reduced to 300 ± 100 nm, which corresponds to 40:1 to 60:1 aspect ratios. Although in general, the distribution of the fibers is rather homogeneous, the fibers are partially overlapping, forming moderate level agglomeration. This is particularly valid for high concentration of GAIN visible in Figure ‎3.4e,f for 15 and 25 wt.% of GAIN, respectively.

[bookmark: _Toc72867926][bookmark: _Toc77608277]GAIN/α-Al2O3 homogeneous composites

The 1–25 wt.% GAIN/α-Al2O3 composites were sintered using SPS detailed in Section ‎2.2.3. The dwell temperature was considered 1150 °C in order to prevent γ→α-Al2O3 phase transformation. This phase and the connotation of its formation on sintering procedure and microstructural integrity of the composites is explained in the next section. All samples were sintered in a 20 mm and 30 mm graphite die with final sintered thickness of 5–10 mm. A summary of the densities, compositions, and carbon contents of the samples is provided in Table 2. 



[bookmark: _Ref72247618]Table 2 Graphene content and relative density of the produced samples.

		Sample Name

		α-Al2O3

[wt.%]

		GAIN

[wt.%]

		GAIN

[vol.%]

		Graphene *

[vol.%]

		Relative Density



		α-Al2O3

		100

		0

		0

		0

		99.99



		G1

		99

		1

		1.13

		0.21

		99.32



		G3

		97

		3

		3.39

		0.63

		99.45



		G5

		95

		5

		5.65

		1.04

		98.98



		G15

		85

		15

		16.74

		3.10

		93.80



		G25

		75

		25

		27.56

		5.10

		89.51



		* Calculated based on the measured 12 wt.% graphene content of GAIN.



























[bookmark: _Ref72760339][bookmark: _Toc72867927][bookmark: _Toc77608278]Microstructural features

A comparison between the microstructure of sintered as-received α-Al2O3 and a sample with 1 wt.% GAIN fillers is provided in Figure ‎3.3. It is evident that grain refinement is achieved by addition of 1 wt.% GAIN where the grains of 200–400 nm are in contrast to 1–5 µm grains observed for as-received alumina. Presence of both inter and intra granular porosity is visible in Figure ‎3.3a–b (marked with orange arrows) for bulk alumina sintered at 1150 °C. Addition of GAIN fillers assists the sintering by introducing local joule heating provided by the conductive fillers, resulting in diminished porosity and full densification (Figure ‎3.3c–d). To clarify, the distribution of the fillers throughout the grain boundaries of the matrix ceramic, contributes to preservation of their migration (impeding GB diffusion) during sintering, resulting in grain refinement. This effect was also observed for graphene nanosheet/Al2O3 (Fan et al., 2010). In Figure ‎3.3d, GAIN nanofillers are mainly located at the grain boundaries or junctions of Al2O3 grains. Therefore, the mechanism responsible for a higher densification can be defined as the pinning effect of the fillers on the Al2O3 grains. The SEM images in Figure ‎3.4g–l show the microstructural features of the GAIN/α-Al2O3 homogeneous composites and reference sintered polycrystalline alumina. An increase in GAIN concentration further impedes grain growth. The grains of ~100 nm in G25 are comparable to the particle size of the precursor powder (Figure ‎3.4l). Evidently, the porosity also increases for GAIN contents higher than 5 wt.% which is consistent with density measurements. This grain size reduction is postulated to be in connection with the pinning effect of the GAIN fibers and reduced mass transport in the presence of high carbon content, both result in hindered densification.
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[bookmark: _Ref72325747]Figure ‎3.3 SEM micrographs of (a, b) alumina sintered bulk; and (c, d) with 1 wt.% GAIN content sintered at 1150 °C under 75 MPa uniaxial pressure.



In addition to the contribution of carbon content to the evolution of the microstructure and grain refinement, the presence of γ-Al2O3 (core of GAIN fibers) in the vicinity of α-Al2O3 (the matrix phase) can lead to the γ→α-Al2O3 transformation process. This phase transformation encompasses several transition alumina phases as detailed in Section ‎1.1.1. In particular, as the θ phase crystallizes into α-Al2O3, a vermicular microstructure with a network of wide pores is anticipated which requires temperatures higher than 1600 °C for high densification (Lamouri et al., 2017; Yalamaç, Trapani, & Akkurt, 2014). The γ → δ → θ → α-Al2O3 phase transformation process is expected to initiate in the temperature interval of 1050–1200 °C. Albeit, under the sintering conditions of 1150 °C, 70 MPa, none of the homogeneous composites demonstrate features of vermicular microstructure, this structure was observed for a sample sintered at 1450 °C discussed in the next Chapter.
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[bookmark: _Ref72173095]Figure ‎3.4 SEM micrographs of (a–f) alumina powder with various GAIN content; (g–l) sintered bulks consisting of reference alumina and GAIN/α-Al2O3 compositions. The figure is adopted from Paper IV (Saffar Shamshirgar et al., 2021).

[bookmark: _Toc77608279]Structural characterization

The Raman spectra of the homogenous composites are presented in Figure ‎3.5a. The main features of defected graphene, namely: The G peak at ~1587 cm–1 and the 2D peak at ~2688 cm–1 are present together with a notable defect driven D peak at ~1347 cm–1. However, some key changes in the intensity ratios, peak positions, and FWHM of the peaks exist. To begin with, the blue shift of the G and 2D peaks and the broadening of FWHM of the G peak in comparison with GAIN can be evidences of both n- and p-doping (Andrea C. Ferrari, 2007) (Figure ‎3.5b–g). Granted that Al interstitials and O vacancies in the matrix α-Al2O3 can act as electron accepting point defects (Fan, Jiang, & Kawasaki, 2012), the p-doping of the top graphene layers on GAIN fibers during the sintering can be justified. Additionally, the next layers of graphene can be affected via charge transfer mechanism. In general, blue shift of the G peak in graphene, can be a response to the presence of both n- and p-doping. Doping in graphene results in nonadiabatic removal 
of the Kohn anomaly at the Γ point and increase phonon energies for the G peak 
(Pisana et al., 2007b). On the other hand, blue shift of the 2D peak in graphene is often associated with p-doping as a response to the change of the equilibrium lattice parameters (Das et al., 2008). 

Strain also has an effect on shifting the G and 2D peak in graphene. In fact, tension is associated with a red shift, while compression is proven to result in blue shift. In this case, a tension force can be in connection with cooling procedure of the CVD process as discussed in Section ‎3.1.1 originated from the opposite thermal expansion and contraction behavior of carbon and alumina. Whereas compressive stresses can emanate from compaction during SPS, increasing the phonon frequency of various bands and virtually causing an upshift of the spectrum (Tsoukleri et al., 2009).
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[bookmark: _Ref72331494]Figure ‎3.5 (a) Raman spectra of composites with 1–25 wt.% GAIN content; (b) I2D/IG ratio; (c) ID/IG ratio; (d) G peak FWHM; (e) 2D peak FWHM; (f) G peak positions; (g) 2D peak position for GAIN and composites containing 1–25 wt.% GAIN fillers. The figure is adopted from Paper IV (Saffar Shamshirgar et al., 2021).

[bookmark: _Ref72420408][bookmark: _Toc72867929][bookmark: _Toc77608280]Electrical transport

In Figure ‎3.6a, electrical resistance of GAIN fibers is plotted versus temperature. For this measurement, a 0.021 cm3 GAIN fibrous specimen was manually pressed and mounted onto the probe of PPMS in a five terminal configuration explained in Section ‎2.3.4. Since the fibrous specimen had low transverse linear density, resistance values are considered for discussion to avoid inaccuracy in the measurement attributed to the geometries of the specimen. A well pronounced semiconducting behavior is visible in Figure ‎3.6a with a band gap of 5.6 meV calculated from the slope of the line of Arrhenius plot. The presence of GBs in polycrystalline graphene gives rise to band gap by forming small scale p-n junctions (Tapasztó et al., 2012; Yazyev & Chen, 2014), while mobility is largely suppressed by the presence of various disorders, point defects, and impurities (Koepke et al., 2013). In addition, the power-law dependent semiconducting behavior and absence of a temperature crossover prove no transition in transport mechanism in the measurement temperature. However, the room temperature n-type transport undergoes a transition to a majority p-type transport which occurs in the temperature interval of 250–280 K visible in the Figure ‎3.6a-inset. In fact, in polycrystalline graphene, the graphene grains are often p-type while the GBs are n-type. However, the contribution of surface adatoms such as physisorbed water or H bonding, and the doping effect of the substrate can modulate carrier mobility and concentration. It can be stated that in GAIN fibers, surface adsorbed water contributes to charge transfer, resulting in a p-type conduction at room temperature. This contribution is reversed below freezing point of water due to a change in water contact angle and a decrease in work function. It was shown that in CVD graphene where Fermi level is shifted away from the Dirac point the hydrophilicity is enhanced, subsequently, a decrease in water contact angle to values ≤60°, p-dopes graphene while at higher values n-doping is expected (Hong et al., 2016). More details can be found in Paper I.

By integrating the GAIN fillers into the matrix of α-Al2O3, the electrical conductivity increases as function of GAIN loading and temperature from 4 K to 400 K (Figure ‎3.6b), while the p-doping is done through interaction with Al interstitials and O vacancies as discussed in Section ‎3.1.1. The percolation threshold was estimated at 1 wt.% of GAIN and conductivity reached ~2000 S·m–1 at room temperature for a sample with 25 wt.% GAIN (Figure ‎3.6b–c). The slope of the ρ vs. T shows a semi-metallic behavior more pronounced at higher filler contents with the bandgap for 1–25 wt.% GAIN/α-Al2O3 composites ranging from 1.0 to 0.6 meV. Similarly, carrier density increases as a function of GAIN (Figure ‎3.6d), while Hall coefficient decreases at higher filler content attributed to the presence of more n-type fillers.
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[bookmark: _Ref72407210]Figure ‎3.6 (a) Temperature dependency of DC resistance of GAIN fibers - Inset: Hall resistance as a function of magnetic field for various temperatures; (b) electrical conductivity as a function of temperature of GAIN/α-Al2O3 composites; (c) Hall resistance as a function of magnetic field at various temperatures for a sample with 25 wt.% GAIN; (d) carrier density in composites of GAIN/α-Al2O3.

[bookmark: _Toc72867930][bookmark: _Toc77608281]Thermal transport and thermoelectric effect

A thorough characterization of thermal and thermoelectric properties of the full composites is provided in Paper IV. Laser flash method was used to measure diffusivity (Figure ‎3.7a). To calculate thermal conductivity (k) (Figure ‎3.7b) using the following equation k = α·ρ·Cp, the specific heat capacity values (Cp) for γ-Al2O3, α-Al2O3, and carbon were considered from NIST-JANAF database (Chase Jr., 1998) (Figure ‎3.7b-inset). Both in-plane and through-plane diffusivity and conductivity decrease by increasing GAIN fillers. However, for GAIN contents higher than 5 wt.%, in-plane values decay at a lower rate, indicating anisotropic alignment of the fibers and more efficient filler connections in the direction perpendicular to the pressure axis of SPS. This deviation can be seen 
in the in-plane versus through-plane values as a function of GAIN content in the 
Figure ‎3.7a-inset. On the same note, the sudden drop in the k values for composites with filler contents lower than 5 wt.% can be attributed to large contribution of thermal contact and boundary resistance enforced by the presence of the GAIN fibers at the GBs. In addition to that, the p-doping of the graphene by the matrix alumina can further 
limit the thermal transport by promoting phonon-defect scattering. Even though microstructural features such as reduction in grain size by increasing filler contents can attribute to decreasing k, in the GAIN/α-Al2O3 composites, much smaller phonon mean free path (few nanometers) as compared to grain sizes (few hundred nanometers) elucidate the defect and impurity scatterings as higher contributing factors to the mean free path reduction than the contribution of the boundary scattering. For a discussion regarding phonon mean free path, please refer to Paper IV. 
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[bookmark: _Ref72410875]Figure ‎3.7 (a) Diffusivity as a function of GAIN filler content for in-plane and through-plane directions – inset: in-plane vs. through-plane thermal conductivity; (b) through-plane thermal conductivity as a function of temperature in GAIN/α-Al2O3 composites – inset: specific heat capacity vs. temperature; (c) in-plane low temperature thermal conductivity measured with PPMS; (d) Seebeck coefficient vs. temperature in composites of GAIN/α-Al2O3 – inset: thermoelectric Figure of Merit vs. temperature.



By simulating the temperature dependency of GAIN/α-Al2O3 composites from 293 K to 1100 K, it is evident that the values follow k~T-B relation with the exponent “B” varying from 0.82 to 0.78 for G3 to G25, respectively. In Figure ‎3.7b, the straight lines follow the simulated data and scattered points correspond to the measured data. Furthermore, by plotting the k values versus reciprocal of temperature, the presence of extra phonon scattering mechanisms other than anharmonic Umklapp phonon scattering was confirmed. Low temperature in-plane thermal conductivity using the thermal transport puck of PPMS, from 4 K to 400 K is shown in Figure ‎3.7c. A rapid increase of k up to 
120 K can be observed attributed to increase in thermally enabled vibration modes. Above 120 K up to 400 K, a decline in k values of all composites can be associated with promotion of more charge carriers and impurity scattering (Amollo, Mola, Kirui, & Nyamori, 2018). Here, the p-doping can be confirmed once more, by the positive values of the Seebeck coefficient (Figure ‎3.7d), while for GAIN/α-Al2O3 composites the Seebeck coefficient increases both with temperature and GAIN content. The Seebeck coefficient is inversely proportional to carrier density and band gap. In contrast, increase in carrier mobility, augments both electrical conductivity and the Seebeck coefficient (Blackburn et al., 2018). It was shown in Section ‎3.2.3 that both carrier density and mobility increase by increasing GAIN filler content. Therefore, rather intuitively, the highest Seebeck coefficient was achieved in the sample with 25 wt.% GAIN reaching 18 µ·V·K−1 at 350 K.

Using Equation 1 and the measured values of electrical conductivity (σ), Seebeck coefficient (S), and thermal conductivity (k), the thermoelectric Figure of Merit (ZT) is calculated and plotted versus temperature in Figure ‎3.7d-inset. The highest ZT is achieved in G25 with the highest filler content due to a lower thermal conductivity and highest Seebeck coefficient and electrical conductivity.

[bookmark: _Toc72867931][bookmark: _Ref72943936][bookmark: _Toc77608282]Dielectric properties and microwave absorption

Complex permittivity and permeability were obtained from NRW technique (explained in Section ‎2.3.7). The real part permittivity (ε’) and dielectric loss tangents (Tan δε) are plotted as a function of GAIN content for sample frequencies of 8.5, 9, 10, 11, and 12 GHz in Figure ‎3.8a. For a detailed analysis of real and imaginary parts permittivity and permeability as a function of frequency at X-band, please refer to Paper III. 

In general, complex permittivity represents polarization of the charges under an induced electric field. The real part is in connection with energy storage (charge capacity) and the imaginary part (ε’’) is the power dissipation ability of the material often in the form heat (Ohmic resistance). The latter is a response to the rearrangement of electric dipole moments in an induced electric field. The dielectric loss tangent is a product of complex permittivity and electrical conductivity and represents the attenuation ability of the material (Thomas, 2018).

The dielectric polarization processes in GAIN/α-Al2O3 can originate from three different characteristics of the structures. First, the heterogeneous composite nature of the structure which consists of conductive graphene augmented fillers and dielectric alumina matrix, promote multiple internal reflection. Second, the presence of various interfaces such as those in core-shell structured GAIN fibers and the boundary between the GAIN and alumina matrix can provide charge accumulation centers. The supporting argument for this assumption is the p-doping effect of the matrix alumina on the graphene and the observed influence of the substrate alumina in GAIN fibers on the optical properties of the graphene, both discussed in Section ‎3.1.1. Third, at higher GAIN filler contents (>5 wt.%), the introduced porosity can provide additional polarization centers (Sebastian, 2017). Specifically, at low GAIN contents, interfacial polarization and its relaxation phenomenon (described by the Maxwell–Wagner–Sillars theory) acting as the primary factors influencing the bulk ε’’, can significantly contribute to energy dissipation (Qing, Zhou, Jia, Luo, & Zhu, 2010).

Both permittivity and loss tangent increase with an increase in GAIN content, however, the values of reflection loss (RL) calculated using Equation 4, 6 for all composites and almost at all frequencies is higher than -3 dB (Figure ‎3.8b). This indicates that more than 50 % of the total power was not transferred into the structure and reflected back to the source. The artefact of the strong surface reflection is the EMI SE values above 25 dB for samples of 3–25 wt.% GAIN (Figure ‎3.8c).
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[bookmark: _Ref72510600]Figure ‎3.8 (a) real part of permittivity and dielectric loss tangent as a function of GAIN content for sample frequencies 8.5, 9, 10, 11, and 12 GHz in GAIN/α-Al2O3 composites; (b) reflection loss (RL) values of the composites at X-band – inset: normalized input impedance; (c) Total EMI Shielding Effectiveness (EMI-SE) of GAIN/α-Al2O3 composites at X-band.

[bookmark: _Toc72867932][bookmark: _Toc77608283]Functional multilayer structures of GAIN/α-Al2O3

The multilayer structures were developed for improving the microwave absorption efficiency of the GAIN/α-Al2O3 composites discussed in the previous section. This part consists of two phases: (I) fabrication of sandwich structures (one and two GAIN/α-Al2O3 composite interlayers sandwiched between two layers of α-Al2O3 to establish the fabrication methodology and characterize the properties of the interfaces detailed in Paper I; (2) design and fabrication of functionally gradient multilayer structures consisting of several layers of GAIN/α-Al2O3 to improve microwave absorption efficiency detailed in Paper III. 

[bookmark: _Toc72867933][bookmark: _Toc77608284]Phase and Microstructure

The SEM images in Figure ‎3.9a show the cross section of a sample with one GAIN/α-Al2O3 interlayer and two alumina outerlayers in an AGA configuration; and a sample with two interlayers (AGAGA) both sintered at 1450 °C under 50 MPa pressure (high temperature approach – HT). Evidently, grains of the monolithic alumina layers are significantly larger than those in the interlayer where the presence of GAIN fibers resulted in grain refinement. As a result, sharp interfaces between the layers have formed. 
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[bookmark: _Ref72759699]Figure ‎3.9 (a) Microstructure of multilayers with AGA and AGAGA sequence and Raman spectra of each layer averaged from 10 readings; (b) SEM images of the interface between the interlayers (GAIN/α-Al2O3) and alumina layers for samples sintered at high and low temperature.

As discussed in Section ‎3.2.1 the grain refinement is due to the presence of GAIN fibers which hinders the migration of GBs (Drozdova et al., 2016). Moreover, the joule heating phenomenon which evidently manifests at elevated temperature (>1000 °C) in the form of local high temperature fields further affects the microstructural evolution and limits grain growth. In Figure ‎3.9b, the α-Al2O3-GAIN/α-Al2O3 interfaces of samples with 15 and 25 wt.% GAIN sintered at high temperature are compared to samples with 15 and 25 wt.% GAIN sintered at 1150 °C (low temperature approach – LT). For the discussion regarding the SPS at high and low temperature, refer to Section ‎2.2.3. 
Both lower sintering temperature and a higher GAIN content result in grain refinement not only in the GAIN/α-Al2O3 interlayers but also in the monolithic alumina layers. 
Figure ‎3.9b shows the grain of ∼5 μm in the monolithic alumina layer of the sample 
with 15wt% GAIN sintered at 1450 °C are slightly refined (∼2 μm) when the filler content in the interlayer was increased to 25 wt%. The grain size analysis is detailed in Paper I. Nonetheless, the grain sizes in the samples sintered at high temperature are significantly larger than those in the samples sintered at low temperature. In fact, both 15 and 
25 wt.% GAIN in the interlayers of the samples sintered at 1150 °C generate microstructures that are somewhat identical in the interlayers and the monolithic layers; moreover, a higher level of densification reflected in the higher relative density of those samples is achieved. The average grain sizes in the interlayers of the samples sintered at low temperature are 400 and 300 nm for samples with 15 wt % GAIN and 25 wt % GAIN, respectively. Raman spectroscopy shows the main features of discontinuous few-layer graphene with 2D, G, and D+D’ peaks present after sintering under both SPS approaches. In Figure ‎3.10a, the Raman spectra obtained from the interlayers of the samples with 15 and 25 wt.% GAIN sintered at 1450 °C and 1150 °C, are compared; to study the influence of the sintering procedure on the graphene quality and structure. The ∼1.18 and 
∼2.62 ID/IG ratios and the ∼0.45 and 0.83 ID'/IG ratios for the samples 25%-HT and 
25%-LT, respectively. The ID/IG and ID'/IG ratios for GAIN fibers are 1.82 and 0.71, respectively (refer to Section ‎3.1.1). An increase in G band intensity in sample 25%-HT and the reduction in the D’ shoulder at the G band can be possible indicators of purification of C–H bondings (dehydrogenation). Other indicators of this assumption are the lower D+D′ intensity and the existing florescence slope (the slope is normalized in the graphs). The D+D′ peak at ∼2930 cm−1 is in response to functionalization of graphene and sp3 hybridization. Meanwhile, the 2D band in all samples is blue shifted as compared to GAIN fibers, and this blue shift is 20 cm−1 more in HT samples in respect to LT samples. 
In contrast, the G band in the HT samples is not shifted as compared to GAIN while in 
LT samples it is 11 cm−1 blue shifted. In theory, for graphene structures, the blue shift 
of the 2D band is in connection with compressive stresses and p-doping while the blue shift of the G band is a response to compressive stresses and both n- and/or p-doping. Since the p-doping was evidentially proven to exist irrespective of the sintering temperature, one can only assume that the higher 2D shift in the HT samples and 
the shift in the G band of the LT samples are in connection to residual stresses formed during the sintering procedure which is consistent with the significant grain size difference between the HT and LT samples. Raman mapping of the interface of a multilayer sample is presented in Figure ‎3.10b. The location of the G, 2D, and D+D’ for the GAIN fillers before sintering are highlighted with dash lines in the histograms in 
Figure 2o. A more in-depth Raman characterization of the sintered structures is provided in Paper I, III, and IV.
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[bookmark: _Ref72762818]Figure ‎3.10 (a) Raman spectra of the interlayer in samples with AGA design sintered at low temperature approach (LT) and high temperature approach (HT) (explained in 2.2.3) (the figure is adopted with permission from Paper I (Shamshirgar et al., 2020)); (b) Raman mapping of the interface between GAIN/α-Al2O3 interlayer and alumina outerlayer of a sample sintered at low temperature.

[bookmark: _Toc72867934][bookmark: _Toc77608285]Mechanical properties

Vickers microhardness (HV0.5) was measured on a multilayer with two alumina outerlayers and 5 interlayers of 1, 3, 5, 15, and 25 wt.% GAIN. The microhardness results are specified in Figure ‎3.11a, and a schematic representation of the multilayer structure is provided in Figure ‎3.11b. The hardness values are arithmetic mean of five readings from each layer. In both alumina layers presence of intragranular porosity is visible, however, in layer G1, were 1 wt.% of GAIN fillers are introduced, a refinement of the microstructure together with a lower level of porosity results in a slight increase in hardness reaching a value of ~21 GPa (Figure ‎3.11c). In the layers with GAIN fillers 
>3 wt.%, hardness decreases with increasing filler content, despite the grain refinement. In the pristine alumina layers, crack propagation trajectory is intragranular and in most cases stops at a porosity. In contrast, in the layers, were GAIN fibers are present, crack deflection and pinning effect is promoted which is more noticeable for G15 and G25 layers. The residual stresses formed during SPS are conducive to the dissipation of crack propagation energy, by deflecting and pinning their growth. On the other hand, the contribution of the fibers as the toughening agents may be stated due to presence of fiber pullout shown in Figure ‎3.11d. However, the fibers bridging mechanism was only observed in the samples sintered at 1150 °C. Absence of this mechanism in the samples sintered at 1450 °C can be attributed to the γ→α-Al2O3 phase transformation. A detailed analysis of mechanical properties is provided in Paper I.
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[bookmark: _Ref72857262]Figure ‎3.11 (a) Microhardness values for HV 0.5; (b) schematic representation of the test specimen; (c) microhardness indentations in various layers; (d) SEM images showing the presence of fiber pullout.

[bookmark: _Toc72867935][bookmark: _Toc77608286]Electrical and thermal transport

A two-probe configuration was used to measure in-plane electrical conductivity of the multilayers with 15 and 25 wt.% GAIN in the interlayer, sintered at 1150 ° and 1450 °C (Figure ‎3.12a). The thickness of the interlayers in all samples are 100 µm, except that for comparison, one sample is made with interlayer thickness of 500 µm (25%-HT-500). Electrical conductivity is generally higher for 25 wt.% GAIN, however, the samples sintered at low temperature (1150 °C) show much higher conductivity attributed to smaller grain size, preventing the γ→α-Al2O3 phase transition, and higher densification. The sample with 500 µm interlayer thickness shows a room temperature electrical conductivity of ~2000 S·m–1 which is about one-fold higher than the value for a similar sample with 100 µm interlayer thickness. For the same sample, a more prominent temperature dependence of electrical conductivity signals a more semiconducting behavior as compared to semi-metallic nature of the those with 100 µm. The isotropic double-sided transient plane source measurement was performed on composites with one interlayer with varying thickness. In Figure ‎3.12b, thermal conductivity and diffusivity are plotted as a function of interlayer thickness in sandwiched structures with 15 wt.% GAIN in the interlayer. Presence of an interlayer with only 50 µm thickness augments thermal conductivity by ~25 %. However, increasing thickness does not change the thermal transport of the bulk. A detailed analysis of the thermal transport in the multilayers is provided in Paper II.
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[bookmark: _Ref72943613]Figure ‎3.12 (a) In-plane electrical conductivity vs. temperature in sandwiched structures (adopted with permission from Paper I (Shamshirgar et al., 2020); (b) thermal properties of sandwiched structures as a function of interlayer thickness (adopted with permission from Paper II (Hussainova et al., 2020).

[bookmark: _Toc72867936][bookmark: _Toc77608287]EMI shielding and microwave absorption efficiency

In the Section ‎3.2.5 it was shown that homogeneous composites of GAIN/α-Al2O3 with GAIN contents higher than 3 wt.% offer EMI SE higher than 25 dB. However, it was also shown that poor microwave absorption performance of the homogeneous bulks is attributed to a significant impedance mismatch, resulting in RL values higher than -3 dB. In contrast, a suitable microwave absorber candidate must meet the prerequisite condition of RL <-10 dB (Zhao et al., 2016). Subsequently, the obtained dielectric properties of the bulks were employed in impedance matching technique based on Equations 4–6. The Monte Carlo simulation described in Section ‎2.4 yielded various solutions for multilayer designs, some of which are presented in Figure ‎3.13. Design solutions of FSM-S1 and FSM-S3 are proposed to provide near-full X-band >95 % absorption due to a better impedance matching  Figure ‎3.13b. For the experimental verification of the findings, one of the findings with a gradient in GAIN content consisting of two alumina outerlayers and five interlayers of 1, 3, 5, 15, and 25 wt.% GAIN was chosen promising to have an absorption peak of -32 dB around 9.5 GHz with a bandwidth of 3 GHz mitigating the RL <-10 dB condition (FSM-89-1). Three additional variations of this sample were manufactured for comparison with simulated data (FSM-89-2, 
FSM-144-1, and FSM-144-2). A schematic representation of the specimens is provided in  Figure ‎3.14. 
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[bookmark: _Ref72944607]Figure ‎3.13 (a) Reflection loss vs frequency for absorber design solutions obtained from Monte-Carlo approach to impedance matching; (b) normalized input impedance for the simulated solutions; and (c) the corresponding design parameters for the proposed solutions where h1-h7 are the thicknesses of the layers in micrometer and h2-h6 inversely correspond to G1-G25 composite structures. The figure is adopted with permission from Paper III (Shamshirgar et al., 2021).



Reflection loss was obtained in a short-backed configuration in a rectangular waveguide with the fundamental TE10 mode and a one-port reflection-only setup (for nonmagnetic specimens, μ′ = 1 and μ″ = 0). In this method, considering the samples are backed by PEC, the power of the incident wave (Pin) is composed of three parts: 
the reflected power (Pr), the absorbed power, and the transmitted power (Pt). Since the samples are backed by PEC, the transmitted power can be zero. Hence, the absorption power can be calculated using Pa = Pin-Pr. That is to say, by measuring the RL values in a one-port setup, the absorption efficiency can be calculated. 
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[bookmark: _Ref73010620]Figure ‎3.14 The thickness and compositions of the multilayer designs.



The experimental RL values are compared to the simulation data in Figure ‎3.15a, and the corresponding Zin values of the multilayers are shown in Figure ‎3.15b. It is evident that FSM-89-1 with a total of 1.98 wt.% GAIN corresponding to ∼0.24 wt.% carbon content offers a broadband 90 % absorption covering almost the entire X-band and a narrow 0.5 GHz bandwidth of 99 % absorption centered at 9.6 GHz. The sample 
FSM-144-1 with higher layer thicknesses satisfies full X-band 90 % absorption. The best impedance matching corresponds to FSM-89-1 with an optimal region satisfying the |Zin/Z0|=1 condition between 9 and 10 GHz, which represents the same frequency region where the experimental data on the reflection loss reach a minimum at -40 dB. A detailed characterization is provided in Paper III.
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[bookmark: _Ref73008013]Figure ‎3.15 (a) Comparison of the simulated and measured reflection loss in multilayers; (b) input impedance ratio relative to free space.











[bookmark: _Toc72867939][bookmark: _Toc77608288]Conclusions

In this work, a novel type of tunable functional multilayer composites consisting of alumina and graphene augmented inorganic nanofibers (GAIN) was introduced for application in efficient microwave absorption. Furthermore, the as-developed GAIN structures have shown a remarkable potential for thermoelectric applications. 
A bottom-up catalyst-free hot-wall CVD process was employed to obtain the GAIN 
fibers applied as conductive fillers in the composite structures. Comprehensive theoretical and experimental cross-verification was performed to characterize the homogeneous and multilayered composites of GAIN/α-Al2O3.  As a result, the anisotropic hierarchically structured composites have been developed, optimized and evaluated to deliver an efficient multilayered architecture for providing a range of the required properties including but not limited to enhanced X-band absorption, high strength, and anisotropic thermal and electrical properties.



Based on the outcomes of the work, the following conclusions can be drawn:





(I) [bookmark: _Toc72867940][bookmark: _Toc517344503]Controllable and tunable graphene layers are deposited onto γ-Al2O3 nanofibrous substrate and thoroughly characterized revealing the presence of stretched polycrystalline few-layer graphene. A mixed carrier transport with a Hall coefficient crossover from n-type to p-type at ~270 K was observed. 



(II) The composite structures of GAIN/α-Al2O3 with various contents of GAIN have been fabricated by spark plasma sintering. In the matrix of alumina, GAIN fillers inhibit grain growth during SPS, resulting in fine-structured materials, while lowering sintering temperature to 1150 °C resulted in further grain refinement and prevents γ→α-Al2O3 transition. 

(III) Although increasing GAIN filler content above 5 wt.% in homogeneous composites results in a significant deterioration of hardness, the introduced porosity is shown to have practical implications in thermoelectric performance and attenuation of microwave radiations. Both thermal conductivity and diffusivity are anisotropic in the homogeneous bulks with a higher in-plane values corresponding to GAIN contents above 5 wt.%. 
The thermal conductivity decreases with an increase in GAIN content, which is attributed to various scattering phenomena. Reduced thermal conductivity at higher filler contents increases thermoelectric Figure of Merit of the structures as a function of GAIN. 

(IV) The sandwich and multilayer structures of GAIN/α-Al2O3 are successfully produced and the sintering routes are optimized to manufacture the materials of the designed architectures.  

(V) In-plane electrical conductivity is slightly higher than cross-plane values while the room temperature value of 1800 S·m–1 has been obtained for a sandwiched structures with a 500 µm interlayer of 25 wt.% GAIN. Complex permittivity increases to the extremely high values of ~400 with an increase of the content of conductive GAIN additives, while permeability approaches zero due to diamagnetic response of the graphene-augmented fibers. 
The high permittivity of the structures ensures highly efficient EMI shielding effectiveness with the highest value of 45 dB obtained for 25 wt.% GAIN in α-Al2O3.

(VI) A functional multilayer with a gradient in the GAIN content, designed on the basis of impedance matching technique, exhibits a full X-band absorption of >90 % and a narrowband -40 dB absorption peak centered at 9.6 GHz. 
The obtained absorption properties have shown to be a clear enhancement as compared to the homogeneous composites, attributed to maximized power transfer and efficient use of the entire absorber thickness.

(VII) Various multilayer designs have indicated the tunability of the structures, rendering them excellent candidates for frequency specific and broadband microwave absorption.
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Hierarchically Structured Functional Ceramic Composites with Graphene Augmented Nanofibers

[bookmark: _Toc517344505][bookmark: _Toc72867943]Graphene has shown remarkable potential for various applications such as EMI shielding and thermoelectric applications due to its tunable nature and unique properties. This work, motivated by the pressing need for development of multifunctional materials for microwave absorption for advanced applications such as 5G development, focuses on the design and characterization of alumina based functional multilayers using graphene augmented inorganic nanofibers (GAIN). The GAIN fibers were obtained using a hot-wall CVD process that greatly simplifies the graphene deposition without the need for catalysts. The as-developed graphene on alumina nanofibers shows a polycrystalline nature that stems from several sp2 nucleation centers originated from the surface defects of the substrate γ-Al2O3 nanofibers. Homogeneous composites of GAIN/α-Al2O3 with filler contents of 1, 3, 5, 15, and 25 wt.% were successfully processed using ultrasonication in ethanol and sintered using spark plasma sintering (SPS). The characterization of the obtained homogeneous composite structures shows that the addition of the fillers up to 3 wt.% increases hardness of polycrystalline α-Al2O3 and that the presence of the fibers in the microstructure offer crack bridging and deflection. Electrical conductivity increases by increasing GAIN fibers while the electrical percolation threshold was achieved at 
1 wt.% GAIN corresponding to remarkably low ~0.21 vol.% carbon content. Electrical conductivity reaches ~1500 S·m–1 at highest filler content (25 wt.%) at room temperature while the semi-metallic nature of the transport results in conductivity of ~850 S·m–1 at 4 K in the same sample. Raman spectroscopy, Hall measurement, and Seebeck coefficient, all confirm the p-doping of the graphene in the presence of electron accepting Al interstitials and O vacancies in the matrix α-Al2O3. The p-doping was shown to contribute to the decrease in phonon mean free path (1–3 nm) enforced by defect and impurity scatterings. As a result, thermal conductivity decreases as a function of GAIN fibers from 35 W·m−1·K−1 in polycrystalline α-Al2O3 to ~10 W·m−1·K−1 for 25 wt.% GAIN/α-Al2O3 composite. The decrease in thermal conductivity together with increasing Seebeck coefficient and electrical conductivity, all as a function of GAIN content have granted the highest thermoelectric Figure of Merit to composites with 15 and 25 wt.% GAIN. 
The thermoelectric characterization has shown the remarkable potential of the GAIN filler materials for enhancing thermoelectric device efficiency.  Furthermore, integration of a thin hybrid interlayer of GAIN/α-Al2O3 into the assembly of alumina sandwiched structures was shown to slightly improve the thermal conductivity of the sintered bulk alumina. 

Presence of various defects and scattering points, the conductive-dielectric core-shell structure of GAIN, and their integration into the α-Al2O3 matrix ensured a significant increase in the complex permittivity as a function of GAIN tested in the X-band. 
The outcome of this increased permittivity was remarkable electromagnetic shielding effectiveness of the structures, which was correlated to high surface scattering. In order to decrease the surface scattering phenomenon and enhance microwave absorption, 
a multilayer structure with a gradient in GAIN content and layer thickness was fabricated and tested using transmission line method in a rectangular waveguide under the fundamental TE10 mode. The result has shown a significant enhancement of the absorption (>90 %) in X-band with a narrowband peak of -40 dB corresponding to 
99.99 % absorption centered at 9.6 GHz. The fabricated functional multilayer structures and several simulated solutions indicate the exceptional potential of the GAIN fibers and the developed methodology for development of high efficiency broadband or frequency specific microwave absorbers offering tunability of the absorption spectrum. 

[bookmark: _Toc77608292]Lühikokkuvõte

Hierarhiliselt struktureeritud funktsionaalsed keraamilised komposiidid grafeenlisandiga nanokiududega

Grafeen, tingituna oma ainulaadsetest ja suunatavatest omadustest omab arvestatavat potentsiaali, leidmaks kasutust erinevates tehnilistes rakendustes, näiteks elektromagnetiliste häiringute varjestamisel ning termoelektrilistes rakendustes. See töö lähtub vajadusest välja arendada mikrolaine absorbermaterjale 5G süsteemide jaoks ning keskendub alumiiniumoksiidil põhinevate funktsionaalsete mitmekihiliste materjalisüsteemide, täpsemalt grafeenlisandiga anorgaaniliste nanokiudude (GAIN) saamisele  ja kirjeldamisele.  GAIN-kiud saadi keemilise aurusadestuse (CVD) protsessiga, mis võimaldab grafeeni sadestamist substraadile suhteliselt lihtsalt, ilma katalüsaatori abita. Alumiiniumoksiidi nanokiududele sadestatud grafeen on polükristallilise struktuuriga,  mis tuleneb paljude sp2 kristallisatsioonikeskmete olemasolust. Kristallisatsioonikeskmeteks on substraadi γ-Al2O3 nanokiudude pinnadefektid. Homogeense koostisega GAIN/α-Al203 komposiidid, täiteaine sisaldusega 1, 3, 5, 15 ja 
25 massiprotsenti töödeldi ultraheliga etanoolis ja paagutati seejärel edukalt sädeplasmapaagutuse (SPS) abil. Saadud homogeensete komposiitstruktuuride uurimisel leiti, et täiteainete lisamine kuni 3 massiprotsenti suurendab polükristallilise 
α-Al2O3 kõvadust ning et kiud takistavad pragude levikut maatriksis eeskätt sildamismehhanismi kaudu ning muutes nende kulgemise suunda (deflektsioonimehhanism).

Elektrijuhtivus suureneb GAIN-kiudude sisalduse suurendamisel, samal ajal kui elektriline perkolatsioonilävi saavutati 1 massiprotsendi GAIN-ga, mis vastab märkimisväärselt madalale ~0,21 mahu% süsinikusisaldusele. Parim elektrijuhtivus ~1500 S·m–1 mõõdeti toatemperatuuril suurima täiteaine sisalduse (25 massi%) 
juures, samas kui juhi poolmetalliliste omaduste tõttu on juhtivus samas proovis 4 K juures ~850 S · m–1. Raman spektroskoopia, Halli efekti mõõtmine ja Seebecki koefitsiendi mõõtmine kinnitavad grafeeni p-dopeeringu olemasolu α-Al2O3 maatriksis, mis sisaldab elektronide liikuvuseks vajalikke Al-aatomeid ja O vakantse. Näidati, et p-dopeering aitab kaasa foononi keskmise vaba tee (1–3 nm) vähenemisele, mis on tingitud materjalis hajutatud defektidest ja lisanditest. Selle tulemusena väheneb soojusjuhtivus sõltuvalt GAIN-kiudude sisaldusest: polükristallilises α-Al2O3 on see 35 W·m−1·K−1 alanedes kiudude lisamisel tasemele ~10 W·m−1·K−1 (25 massi% GAIN/α-Al2O3 komposiidis). Soojusjuhtivuse vähenemine koos Seebecki koefitsiendi ja elektrijuhtivuse suurenemisega on GAIN-sisalduse funktsioonina andnud kõrgeima termoelektrilise omaduste kompleksnäitaja komposiitidele, mille GAIN-i sisaldus on 15 ja 25 massiprotsenti. Termoelektriliste omaduste mõõtmisega tõendati GAIN-i täitematerjalide märkimisväärset potentsiaali termoelektrilise seadme efektiivsuse suurendamiseks. Lisaks näidati, et GAIN/α-Al2O3 õhukese hübriidse vahekihi lisamine alumiiniumoksiidiga ühendatud struktuuride koostisesse parandab veidi paagutatud alumiiniumoksiidi soojusjuhtivust.

Erinevate defektide ja hajumispunktide olemasolu, GAIN-i iseloomustav juhtiv-dielektriline südamiku-kesta struktuur ja GAIN kiudude sisseviimine α-Al2O3 maatriksisse tagas X-sagedusribal testitud  materjali komplekspermitiivsuse olulise kasvu. Suurenenud permitiivsuse tulemusel paranesid loodud struktuuridel märkimisväärselt elektromagnetilised varjustus-omadused, mis on seotud elektromagnetkiirguse suurenenud hajumisega pinnalt. Pinnalt hajumise nähtuse vähendamiseks ja mikrolainete absorbtsiooni parandamiseks valmistati GAIN-i sisalduse ja kihi paksuse gradiendiga mitmekihiline struktuur, mida testiti ülekandeliini meetodil ristkülikukujulises lainejuhis põhirežiimis TE10. Loodud materjalisüsteemil täheldati neeldumise olulist suurenemist (>90 %) X-ribas kitsa ribapiigiga -40 dB, mis vastab 99,99% neeldumisele, mille keskpunkt on 9,6 GHz. Valmistatud funktsionaalsed mitmekihilised struktuurid ja mitmed töös kasutatud simulatsioonide abil saadud lahendused iseloomustavad GAIN-kiudude suurt potentsiaali ja välja töötatud meetodite põhimõttelist toimivust lairiba-või sagedusspetsiifiliste ja neeldumisspektri häälestatavust võimaldavate mikrolaineabsorberite väljaarendamisel.
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