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Since its discovery in 1931, silica aerogel has been incorporated mainly as
flexible blankets for thermal insulation applications in the aerospace arena.
However, despite being considered as the world’s best thermal insulator it
cannot be often applied due to weight and space constraints. This research
proposes an innovative route to achieve a single-layered micro-thick
thermally sprayed coating and its targeted objectives are ranking the
available aerogel powders for plasma spraying based on their evaluated
physical properties, formulating and analysing the parameters of an
optimised spray-dried aerogel-based powder for atmospheric plasma
spraying (APS) and deducing the spraying conditions for surface adhesion of
a single layered aerogel-based plasma sprayed coating. Firstly, the different
silica aerogel powders were characterised to value their physical properties
and their suitability for atmospheric plasma spraying (APS) and suspension
plasma spraying (SPS) were ranked. Secondly, slurries of ceramics composed
of aerogel and yttria stabilized zirconia were formulated followed by spray-
drying, subjected to the Taguchi Design to obtain an optimised sprayable
granulated powder. Technical installations and plasma spraying design
parameters such as nozzle diameter, electric power, plasma gas flow rate,
carrier gas flow rate, concentration of aerogel and dispersant were varied
methodically until it could be deduced whether an adhering coating could be
achieved or not using the selected aerogels. Characterisation of the coatings
using scanning electron microscopy was then performed. Out of six aerogel
powders, only GEATM 0.125 and Enova® IC3100 were opted for plasma
spraying. After statistical analysis, the optimised powder YSZ-aerogel spray-
dried powder was characterised and had a median particle size of
28.932±0.726 μm, volume fraction of 64.450±0.535 vol.% and uniformity of
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0.475±0.002μm. An amelioration in the morphology of the aerogel particles
from irregular shapes to spherical and donut-like granulated YSZ-aerogel
particles was observed. However, due to low yield of only 10%, the
granulated powder could not be opted for subsequent APS. A coating was
achieved using APS of as-received GEATM 0.125 under spraying conditions of
a nozzle diameter of 4 mm powered at 25 kW with a plasma gas rate of 45+5
slpm and carrier gas flow rate of 8.1 slpm. The coating had a bimodal
microstructure with a thickness ranging from 77.9 μm to 132.0 μm. SPS was
not successful neither with GEATM 0.125 nor Enova® IC3100. Blockage due to
agglomeration prevented the injection of GEATM 0.125 into the plasma.
Enova® IC3100 could nevertheless be propelled onto the glass substrates but
no melting of particles occurred which was thought because of insufficient
power supplied by the plasma gun. Conclusively, not all available aerogel
powders can be used for thermal spray applications. Tailoring aerogel
particles using spray-drying to make them sprayable using APS is not
necessary as it had been proven that GEATM 0.125 can be deposited in its as-
received powder form using APS. SPS seems to be promising using Enova®

IC3100 and a suspension-plasma sprayed coating can be achieved using a
plasma gun with an electric power higher than 40 kW.
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April 2017

Pengurusi : Abd Rahim Abu Talib, PhD, PEng, Ptech
Fakulti : Kejuruteraan

Semenjak penemuannya pada tahun 1931, aerogel silica sudah sebati sebagai
satu-satunya salut fleksibel bagi penggunaan penebat haba di dalam arena
aeroangkasa. Walaubagaimanapun, meskipun dianggap sebagai penebat
haba terbaik di dunia, aerogel silica tidak dapat digunakan secara lazim
disebabkan oleh kekangan berat dan ruang. Kajian ini mencadangkan suatu
kaedah inovatif untuk memperoleh satu salutan semburan berhaba berlapis
tunggal berketebalan mikro dan objekti sasaran inovasi ini ialah melakukan
pemeringkatan bagi beberapa serbuk aerogel sedia ada untuk semburan
plasma berdasarkan penilaian sifat fizikal mereka, memformulasi dan
menganalisis parameter serbuk yang telah dioptimumkan bagi semburan
plasma astmosfera (APS) dan yang terakhir meramalkan keadaan semburan
bagi lekatan permukaan untuk salutan yang disembur dengan plasma
berasaskan aerogel lapisan tunggal. Pertama, beberapa serbuk aerogel silica
yang berlainan telah dicirikan untuk menilai sifat fizikal mereka, dan dengan
itu kesesuaian mereka untuk semburan plasma atmosfera (APS) dan
semburan plasma suspensi dapat dikenalpasti melalui kaedah
pemeringkatan. Kedua, buburan seramik yang terdiri daripada aerogel dan
yttria stabil telah diformulasikan diikuti dengan semburan kering, dengan
merujuk reka bentuk Taguchi untuk mendapatkan butiran serbuk optimum
yang boleh disembur. Pemasangan teknikal dan parameter reka bentuk
semburan plasma seperti diameter muncung, kuasa elektrik, kadar aliran gas
plasma, kadar aliran gas pengangkut, kepekatan aerogel dan bahan
penyebar telah diubah secara teratur sehingga dapat disimpulkan sama ada
salutan yang melekat boleh dicapai atau tidak dengan menggunakan aerogel
terpilih. Pencirian salutan tersebut yang menggunakan imbasan mikroskopi
elektron telah dijalankan kemudian. Daripada enam serbuk aerogel, hanya
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GEATM 0.125 dan Enova® IC3100 dipilih untuk penyemburan plasma.
Selepas analisis statistik, serbuk semburan kering aerogel YSZ yang telah
dioptimumkan telah dicirikan dan mempunyai saiz median zarah
28.932±0.726 μm, pecahan isipadu sebanyak 64.450±0.535 vol.% dan
keseragaman sebanyak 0.475±0.002μm. Suatu pembaikan di dalam struktur
zarah aerogel daripada bentuk yang tidak seragam kepada bentuk sfera dan
butiran zarah YSZ aerogel yang kelihatan seperti donut telah diperhatikan.
Walau bagaimanapun, disebabkan oleh hasil keputusan yang rendah iaitu
hanya 10%, butiran serbuk tersebut tidak boleh dipilih untuk APS
berikutnya. Satu salutan telah berjaya dibentuk dengan menggunakan APS
GEATM 0.125 seperti yang sedia ada di bawah keadaan semburan dengan
diameter muncung selebar 4mm dengan kuasa elektrik 25 kW serta kadar
aliran gas pengangkut sebanyak 8.1 slpm. Salutan ini mempunyai
mikrostruktur dwi-mod dengan ketebalan di antara 77.9 μm dan 132.0 μm.
SPS tidak berjaya sama ada dengan GEATM 0.125 atau Enova® IC3100.
Sumbatan yang disebabkan oleh aglomerasi menghalang suntikan GEATM

0,125 ke dalam plasma. Namun demikian, Enova® IC3100 berjaya digerakkan
ke atas substrat kaca tetapi tiada peleburan zarah yang berlaku, difikirkan
bahawa keadaan ini disebabkan oleh  kuasa yang dibekalkan oleh pistol
plasma tidak mencukupi. Kesimpulannya, tidak semua serbuk aerogel yang
sedia ada boleh digunakan dalam kaedah semburan haba. Penyesuaian
zarah aerogel dengan menggunakan semburan kering agar bahan itu dapat
disemburkan menggunakan APS adalah tidak perlu kerana telah dibuktikan
bahawa GEATM 0.125 boleh didepositkan ke dalam bentuk serbuk seperti
yang sedia ada menggunakan APS. SPS seolah-olah lebih berkesan dengan
menggunakan Enova® IC3100 dan satu salutan semburan plasma suspensi
boleh dihasilkan dengan menggunakan pistol plasma yang mempunyai
bekalan elektrik lebih daripada 40kW.
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CHAPTER 1

INTRODUCTION

1.1. Research Background

With the continuous rise in energy consumption over the globe, proliferating
energy charges due to the limited supply of fossil fuels plus global warming
and climate issues, both governments and industry sectors supported by the
academia are pursuing for alternative or improved thermal systems by
employing high performance insulative materials. In aeronautics, the quest
for ever more efficient  aero-propulsion systems has been constantly
motivated by perpetual developments in a wide range of fields including
turbine design, combustion analysis, heat management and material
sciences. The key drivers behind these evolutions are the demands for
reduced weight and increased fuel efficiency while simultaneously reducing
the emissions and noise levels (Finley, 2008).

On the other hand, silica aerogel, invented in 1931 by Samuel Kistler, is an
illustrious nanostructured material considered as the world’s paramount
thermal insulator and second lightest solid after being surpassed by
graphene aerogel in 2013 (Worsley et al., 2014). By definition, an aerogel is a
gel in which the liquid phase has been replaced by a gas in such a way that
the solid network is being retained with only a slight or no shrinkage in the
gel (Kistler, 1931). In consequence, an open-cell network consisting of nano-
sized pores is developed thereby unfolding further numerous exceptional
characteristics. Within the class of aerogels, silica aerogel which is the porous
nanostructured form of silica dioxide, exhibits the most fascinating
properties such as low thermal conductivity (~0.012 W/mK), ultralow bulk
density (~0.003 g/cm3), optical transparency in the visible spectrum (~99 %),
high specific surface area (~1000 m2/g), low dielectric constant (~1.0-2.0), low
refractive index (~1.05), low sound velocity (100 m/s). Due to its
attractiveness and being the first aerogel invented, silica aerogel is often
referred as simply aerogel. This work consequently adopts this shortened
term as well.

Since early ages, fundamental studies on aerogels have been dwelled behind
significantly in the academia and hence industries due to its high
manufacturing cost. This further hampers its feasibility for integration into
the commercial market. However, considerable enhancement started taking
place at the dawn of this millennium. Numerous scientific reports have been
published since then showing not only the enthusiasm but also the scientific
understanding of these nanostructures. Nowadays, one of the most focusing
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areas is the modelling of the thermal behaviour of granular- and fibre-based
silica aerogel and its composites (Bi, Tang & Hu, 2014; He & Xie, 2015;
Hostler, Abramson, Gawryla, Bandi & Schiraldi, 2009; Wei, Liu, Du & Zhang,
2012; Wei, Liu,Zhang, Yu & Du, 2011; Zhao, Duan, Wang & Wang, 2012a;
Zhao, Duan, Wang & Wang, 2012b). On the market level, large scale
production of the material has been achieved by various producers such as
the North American-based industrials Cabot Corporation® and Aspen
Aerogels® and Nano Hi-Tech in China which is considered to be the third
player followed by Korean JIOS amongst others. In contrast to these
aforementioned companies which produce synthetic-based aerogels using
usually tetraethyl orthosilicate (TEOS) as the precursor of silica, there are
also other manufacturers which synthesise ecological aerogels from rice husk
ash such as the Malaysian-established Maerotech SDN BHD and the Spanish
Green Earth Aerogel Technologies (GEAT). These biologically-derived
aerogels have both potential cost and environmental benefits. It is
noteworthy to mention also that silica aerogels can be prepared in different
forms such as in monolith, granules and fine powder. As a result, aerogels
are often required to be tailored specifically to develop innovative solutions
to today’s problems. Their applications are considered to be almost
illimitable, tracing their way in different branches such as thermal and
acoustical insulation, kinetic energy absorption, electronics, optics, chemistry
and biomedical amongst others.

As far as aerospace is concerned, aerogels have been used extensively by
NASA since 1992 for astronautical missions in the form of hypervelocity
particle capture and thermal insulator, both in the shape of blocks. Recently,
Aspen Aerogel® has brought forward aerogel-based flexible blankets for high
temperature use up to 650°C for both thermal and fire protection in
aerospace systems. However, due to the constraint of weight and space
saving, blankets are not encouraged by aero-engine manufacturers. Instead,
micrometre-thick thermally sprayed coatings are opted for protection against
high temperature, wear and corrosion such as thermal barrier coatings
(TBCs) in gas turbines (Kumar & Kandasubramanian, 2016). Longo (1992)
reported that some gas turbine engines have nearly 5500 parts which are
thermally sprayed to enhance their performance, reliability and durability.
Thermal spray processes are extensively used because virtually all materials
including metals, superalloys and ceramics can be deposited but it is
considerably challenging to retain the characteristics of the nanostructured
materials during deposition, which in turn gives rise to a series of research.

Till date, no investigation has been carried out and as a result, the feasibility
to achieve a single layered aerogel-based thermally sprayed coating is being
established. A single layered thermally sprayed coating is regarded as one
which consists of either only type of particles or an agglomeration of
different ceramics particles which is deposited directly onto a substrate. The
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coating system does not comprise of any bond coat nor is part of a multi
layered or graded coating. While this work concentrates on achieving a
single layered aerogel-based adhering coating, it also targets the coating to
consist a bimodal microstructure. A bimodal microstructure is one which
includes molten particles acting as a binder which upholds the coating
integrity while the semi-molten ones contains nanostructures residing in
them (Lima & Marple, 2007). This is attained by setting the operational
conditions in such a way that part of the particles is completely melted and
some only partially. Such coating microstructure is intrinsically related to
thermal spraying of delicate nanostructured materials (Pawlowski, 2008),
thus making aerogel eligible to be taken into consideration for thermal
spraying, whether by conventional or suspension approach.

This research hence intends to develop a single layered aerogel-based
thermally sprayed coating by firstly ascertaining the suitable aerogel
powders for the application of plasma spraying, a versatile type of the
thermal spray technology. The study further considers the possibility of
obtaining an optimized agglomerated spray-dried aerogel-based powder as
feedstock to allow or improve deposition. The practicability of spraying
aerogel powders using the conventional atmospheric plasma spraying (APS)
and the advanced suspension plasma spraying (SPS) in order to achieve an
adhering coating on glass substrate is then carried out after which a
microstructural analysis of the resulting aerogel-based plasma sprayed
coatings is performed.

1.2. Research Gap

Aerogels are considered to be established in terms of their manufacturing
process thereby having now an array of synthesis methods which have
overcome, to a considerable extent, the high manufacturing cost arising from
the source of silica or drying method. The current trend is now inclining
towards the development of innovative solutions by tailoring their
properties or synthesising composites of theirs to specifically address
practical problems. Beneath the aerospace dome, applications of aerogel are
still emerging and amongst are thermal insulation systems which include
mainly aerogel-doped flexible blankets operating from cryogenic to extreme
temperatures for astronautical applications. These are typically composites of
silica aerogel particles dispersed in a reinforcing fibre matrix that turns the
brittle aerogel into a durable and flexible insulating mat (Fidalgo, Farinha,
Martinho & Ilharco, 2013). A study was conducted to evaluate the
sustainability of these blankets during hydrogen-fuelled flights at hypersonic
speeds ranging from Mach 5 to Mach 9 in harsh thermal environments
(Sharifzadeh, Verstraete & Hendrick, 2015). Fesmire (2016) tackled a common
problem to both space launch applications and cryogenic propulsion test
facilities of providing suitable thermal insulation for complex cryogenic



© C
OPYRIG

HT U
PM

4

piping, tanks, and components that cannot be vacuum-jacketed or otherwise
be broad-area-covered by the use of a layered composite insulation system
made of aerogel blankets. A benzoxazine organic-inorganic hybrid aerogel
blanket was recently developed in a one-pot sol-gel synthesis to obtain an
easy to handle, light, superinsulating material for space applications
(Berthon-Fabry, Hildenbrand & Ilbizian, 2016). There has been only one
feasibility study that has been carried out on aerogel for aeronautical
integration wherein the developed product is again an aerogel-based blanket
as well. The work, accomplished by Aspen Aerogel® consisted of evaluating
the flammability of the blanket to protect components such as pipes, wires,
electronic accessories within the fire zones of aero-engines. The fact of being
an inorganic and inflammable material with a constant operating
temperature ranging from -273°C to 650°C and a high melting point of
1400°C upholds silica aerogel an excellent firewall. The investigation
consisted of a thickness of 7 mm mat subjected to a flame at a temperature
1100°C for at least 15 minutes. The temperature on the rear side of the
wrapped system did not exceed 150°C. The product, Pyrogel® 6350 has yet to
be integrated for aeronautical applications. The thermal loss that happens
when the blankets are under constant vibration and gravitational stress
through repeated thermal cycles is still under study.

In the quest for renewable energy systems, substantial efforts are being made
towards green architecture and consequently aerogels are tracing their way
into building insulation at a faster rate than any other applications. Existing
solutions comprise of aerogel-based blankets, powdered aerogel-doped
paints, translucent aerogel pellets and aerogel fillers in vacuum packed
insulation sheets (Abdul Mujeebu, Ashraf & Alsuwayigh, 2016; Baetens et al.,
2010; Koebel, Rigacci & Achard, 2012; Riffat & Qiu, 2013). A mortar-applied
coating which consisted of a mineral and/or organic hydraulic binder, an
insulating filler comprising of hydrophobic silica aerogel, a structuralizing
and additives was developed for thermal insulation of buildings' multi-layer
exterior wall structures (Ibrahim, Biwole, Wurtz & Achard, 2014).
Furthermore, a research was conducted to develop an ultra-lightweight
cementitious composite having both excellent mechanical and thermal
insulating properties (Hanif, Diao, Lu, Fan & Li, 2016). It is worthwhile to
mention that along with the above expansions and applications, the oil and
gas industry remains the undisputed sector which benefits these aerogel
technologies to the largest extent due to their compatibility of having
superior thermal performance and improved chemical/pressure resistance
and large-scale usage coupled with assembly cost savings and ease of use.

Motivated by global CO2 emission and space saving restrictions, this research
proposes a novel route to implement aerogel in aeronautics as a micro-thick
single layered thermally sprayed coating. It can be anticipated that limited
related studies have been conducted due to the restrictions that exist in
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aerogel powders such as irregular particle shape, inadequate particle size
distribution, ultralow density, possibility of the nanostructures to be
annealed in plasma and unknown adhering ability. A study was carried out
by Zulkifli, Yajid, Hamdan and Muhid (2014) to reconstitute aerogel
particles, more precisely, the Malaysian-made Maerogel (now Hamzel®)
using a secondary ceramic, soda-lime, via spray-drying but the study did not
highlight whether the process can be optimised for thermal spraying. The
lack of understanding of the effect of the formulation and granulation
variables on the granulometric properties and morphology of the
reconstituted spray-dried aerogel is still present. It is also not confirmed
whether spray-drying aerogel is a repeatable process and whether the
process is economically feasible, in other words, whether or not the yield of
the aerogel-based spray-dried powder is sufficient enough to carry out APS
in an efficient manner. Although that a patent (Newman & Lauten, 2008) was
filed on applying the thermal spray technology on aerogel to coat a missile
surface that would act as an insulation layer, aerogel was not thermally
sprayed directly onto the substrate (steel) but instead there was an alloy
bond coat (NiCrAlY) in between the substrate and the upcoming aerogel
layer, which means that the coating system was not a single layered one. In
addition, the silica aerogel being deposited was not on its own but rather as
agglomerated ceramic particles. The patent (Newman & Lauten, 2008)
employed plasma spraying which is a technique that can literally deposit any
powder onto any substrate but retaining the microstructural characteristics
of the starting material so that the coating can exhibit comparable properties
is challenging. The appropriateness of plasma spraying aerogel particles was
not explained and the claims did not prove whether the coating has a skeletal
microstructure similar to that the starting aerogel. The patent did not
establish whether a critical aspect of bimodal microstructure was achieved. A
bimodal microstructure is one which consists of partially molten particles
and fully molten particles in order to retain the properties being possessed
by the feedstock. Another shortcoming was that coating developed had a
thickness of 1.5 to 2.0 mm. The patent was filed nine years ago and till date
no further studies were brought forward after it depicting a significant
discontinuity of research during which aerogel particles have been modified
in terms of their granulometric properties by the manufacturers due to new
methods of synthesis. The granulometric properties are considered to be the
most critical characteristics to be known when considering thermal spraying
technique. Ecological aerogels were not available at that time. Recently,
another multi-layer concept was proposed by Jin et al. (Jin et al., 2015)
thereby yttria stabilised zirconia (YSZ) and silica aerogel was used in
conjunction to improve the thermal insulation capability of an aerospace
graded titanium alloy (Ti-6Al-4V or TC4) using the APS technique. However,
the aerogel was not thermally sprayed but rather adhere onto the surface of
the alloy using an organic glue as a transitional layer or bond coat between
the substrate TC4 and the upcoming plasma sprayed YSZ. On the other
hand, suspension plasma spraying (SPS) of aerogel has not been reported
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anywhere so far.

In contrast to the works reported above, this research focuses on achieving a
single layered aerogel-based coating for various reasons. The first, being the
fact that, no such investigation has been carried out previously. Secondly,
multi-layered coating systems such as Thermal Barrier Coatings (TBCs) in
aero-engines usually experience delamination in between the two different
layers of the coating due to thermal shocks as the coating system consists of
different deposited materials which have their own thermal expansion
coefficients (Kumar & Kandasubramanian, 2016). Hence, to prevent any
delamination in the aerogel-based coating system, if intended to be used as a
thermal insulative coating, it is foreseen that a single layered coating would
be more suitable. Also, the thickness of a multi layered coating system is
often of millimetre order, greater than 1.0 mm rather than of micrometre
order.

Overall, it can be argued that there is still no answers whether (1) the existing
types of aerogel powders can be considered for thermal spray applications,
more precisely APS and SPS (2) as-received aerogel particles can be
optimised to facilitate the thermal spraying due to its unfavourable
granulometric and morphological features (3) aerogel can be practicably
deposited as a single layered coating using the opted thermal spray
technology and (4) the morphology of the deposited aerogel-based coating
consists of any microstructural characteristics resembled to that of aerogel.

This study uses a systematic approach to find remedy to these technological
queries through its targeted objectives in the process of achieving a single
layered aerogel-based plasma sprayed coating on glass in order to obtain a
clearer microscopy view of the microstructures of the aerogel layer.

1.3. Research Objectives

1.3.1. Aim

To perform parametric analyses for a single layered aerogel-based thermally
sprayed coating

1.3.2. Specific Objectives

The specific objectives of the study are as follows:
I. To rank as-received aerogel powders for atmospheric plasma spraying

and suspension plasma spraying based on their physical properties
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II. To formulate and assess the parameters of an optimised spray-dried
aerogel-based powder for atmospheric plasma spraying

III. To deduce the optimum spraying conditions for surface adhesion of a
single layered aerogel-based plasma sprayed coating

1.4. Hypothesis

This research assumes that it is practically not possible and considered as
challenging to deposit aerogel particles on their own using APS due to their
irregular particle shape and inadequate particle size distribution. Next, the
reconstitution of aerogel particles via spray-drying can be a potential
alternative to thermal spray aerogel particles directly onto a substrate. Then
this study considers that SPS can be an alternative to deposit pure aerogel
particles with appropriate particle size distribution even though their
morphology is not spherical. Finally, it is foreseen that a single layered
aerogel-based plasma sprayed coating with a bimodal microstructure can be
achieved with proper thermal spraying conditions.

1.5. Significance of Research

Silica aerogel, being the most superior thermal insulator and one of the
lightest materials, has been perpetually regarded as potential candidate for
future superinsulation systems in aeronautics where weight and space
savings are fundamental. Previous studies have addressed particularly on
the development and evaluation of aerogel-based flexible blankets for such
protection uses or multi-layered coatings. This study brings forward a new
concept whereby a single layered aerogel-based micro-thick coating is
developed using the thermal spray technology, more precisely, plasma
spraying thereby opening panoply of prospects. This investigation
principally validates the hypothesis whether aerogel powders can be
successfully deposited directly as a single layered coating onto a substrate
and provides an insight how to achieve such a validation by the proposed
methodologies. The microscopic analysis of the deposited aerogel
furthermore brings an understanding on how the particles are affected when
propelled into a plasma. Implementation of such an aerogel-based coating
into aero-engines depends on the type of substrate. Typically, applications
can range from adjusting thermal responses for improved performance and
reduced deterioration to protecting polymer matrix composites enabling
weight savings for equivalent level of fire protection.
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1.6. Scope of Study

The research starts with the philosophy that aerogel has ultralow density and
lowest thermal conductivity than any other solids which are two crucial
factors when considering thermal insulation systems for aeronautical
applications due to load and space constraint. Figure 1.1 provides a
philosophical view of the research. The work targets to achieve a single
layered aerogel-based coating using thermal spray, more precisely,
atmospheric plasma spraying (APS) and suspension plasma spraying (SPS).
It devises a methodical approach to accomplish the coating by:

(a) Characterising the physical properties of all the six commercialised
powdered aerogels available on the market and assessing their
suitability for atmospheric plasma spraying (APS) and suspension
plasma spraying (SPS) based on the evaluated characteristics.

(b) Reconstituting suitable aerogel powders via spray-drying using the
Taguchi Design for air plasma spraying. This intermediate step intends
to produce spherical aerogel-based powders with an optimum median
particle size, volume fraction and uniformity prior to APS. In doing so,
the effect of the formulation and granulation parameters, such as the
volume of solid content, mass ratio of aerogel : YSZ, amount of binder
and dispersant, inlet temperature, atomisation pressure and feeding rate
on these three aforementioned responses has been reported statistically.

(c) Conducting a parametric investigation to predict the optimum spraying
conditions using the suitable types of aerogel with respect to the APS
and SPS. The experiment consists of altering the spraying conditions
such as the gun nozzle diameter, power, volumetric rates of plasma gas
and carrier gas and concentration of aerogel in an systematic manner to
overcome the challenges encountered until an adhering aerogel-based
coating is achieved or up to the technological limitations.

This study, however, has certain limitations which need to be pointed out.
First of all, limited benchmark literature was available on spray-drying of
aerogel particles for reconstitution as well as the application of the thermal
spray technique on aerogel, hence making it a feasibility study with
numerous design parameters. This study considers the use of only one type
of plasma gun for both APS and SPS with a maximum power of 40 kW. The
analysis of the thermally sprayed coatings being developed is limited to a
microstructural observation using SEM.



© C
OPYRIG

HT U
PM

9

Aerogel Insulative
Systems

Flexible
Blankets

Monolithic

Experiment SimulationTheory

Engineering
Prototype

Laboratory
Prototype

Thermal Spray

SCOPE

METHODOLOGY

PERFORMANCE
PARAMETER

DESIGN
PARAMETERS

Paints Coatings

Conventional
(Powder) Thermal

Spray
Liquid Thermal

Spray

Electric Combustion Kinetic

Flame SprayPlasma SprayArc Spray

Cold
Spray

Electric Combustion

Solution
Precursor

Plasma Spray

Suspension High
Velocity Oxy Fuel

Chamber
Plasma
Spray

Air Plasma
Spray
(APS)

D-GunConventional HVOF Suspension
Plasma Spray

(SPS)

Single Layered
Adhering Coating

[Aim]

Spraying Control
Parameters [OBJ III]Feedstock (Powder)

Properties of As-
received Aerogel
Powders [OBJ I]

Properties of Spray-
dried Aerogel

Powders [OBJ II]

Slurry Formulation & Spray-
Drying Conditions via

Taguchi Design [OBJ II]

Single Layered
Adhering Coating

[Aim]

Properties of As-
received Aerogel
Powders [OBJ I]

Spraying Control
Parameters [OBJ III]Feedstock (Powder)

Figure 1.1: Philosophical view of research



© C
OPYRIG

HT U
PM

119

REFERENCES

Abdul Mujeebu, M., Ashraf, N., & Alsuwayigh, A. H. (2016). Effect of nano
vacuum insulation panel and nanogel glazing on the energy
performance of office building. Applied Energy, 173, 141-151. doi:
10.1016/j.apenergy.2016.04.014.

Abu Talib, A. R., Neely, A. J., Ireland, P. T., & Mullender, A. J. (2005).
Detailed investigation of heat flux measurements made in a standard
propane-air fire-certification burner compared to levels derived from
a low-temperature analog burner. Journal of Engineering for Gas
Turbines and Power, 127(2), 249-256. doi: 10.1115/1.1806454.

Aegerter, M. A., Leventis, N., & Koebel, M. M. (2011). Aerogels handbook. New
York, US: Springer Science & Business Media.

Aubignat, E., Planche, M. P., Allimant, A., Billières, D., Girardot, L., Bailly,
Y., & Montavon, G. (2014). Effect of suspension characteristics on in-
flight particle properties and coating microstructures achieved by
suspension plasma spray. Journal of Physics: Conference Series, 550(1).
doi: 10.1088/1742-6596/550/1/012019.

Baetens, R., Jelle, B. P., Thue, J. V., Tenpierik, M. J., Grynning, S., Uvsløkk, S.,
& Gustavsen, A. (2010). Vacuum insulation panels for building
applications: A review and beyond. Energy and Buildings, 42(2), 147-
172. doi: 10.1016/j.enbuild.2009.09.005.

Bai, Y., Yang, J. F., & Lee, S. (2011). Optimization of Alumina Slurry Properties
and Drying Conditions in the Spray Drying Process and Characterization of
Corresponding Coating Fabricated by Atmospheric Plasma Spray. Paper
presented at the Key Engineering Materials.

Berthon-Fabry, S., Hildenbrand, C., & Ilbizian, P. (2016). Lightweight
superinsulating Resorcinol-Formaldehyde-APTES benzoxazine
aerogel blankets for space applications. European Polymer Journal, 78,
25-37. doi: 10.1016/j.eurpolymj.2016.02.019.

Bertrand, G., Filiatre, C., Mahdjoub, H., Foissy, A., & Coddet, C. (2003).
Influence of slurry characteristics on the morphology of spray-dried
alumina powders. Journal of the European Ceramic Society, 23(2), 263-
271. doi: 10.1016/S0955-2219(02)00171-1.

Bertrand, G., Roy, P., Filiatre, C., & Coddet, C. (2005). Spray-dried ceramic
powders: A quantitative correlation between slurry characteristics and
shapes of the granules. Chemical Engineering Science, 60(1), 95-102. doi:
10.1016/j.ces.2004.04.042.



© C
OPYRIG

HT U
PM

120

Beuselinck, L., Govers, G., Poesen, J., Degraer, G., & Froyen, L. (1998). Grain-
size analysis by laser diffractometry: comparison with the sieve-
pipette method. Catena, 32(3), 193-208. doi: http://dx.doi.org/10.10
16/S0341-8162(98)00051-4.

Bhagat, S. D., Kim, Y.-H., Suh, K.-H., Ahn, Y.-S., Yeo, J.-G., & Han, J.-H.
(2008). Superhydrophobic silica aerogel powders with simultaneous
surface modification, solvent exchange and sodium ion removal from
hydrogels. Microporous and Mesoporous Materials, 112(1–3), 504-509.
doi: http://dx.doi.org/10.1016/j.micromeso.2007.10.030.

Bhagat, S. D., Oh, C.-S., Kim, Y.-H., Ahn, Y.-S., & Yeo, J.-G. (2007).
Methyltrimethoxysilane based monolithic silica aerogels via ambient
pressure drying. Microporous and Mesoporous Materials, 100(1–3), 350-
355. doi: http://dx.doi.org/10.1016/j.micromeso.2006.10.026.

Bi, C., Tang, G. H., & Hu, Z. J. (2014). Heat conduction modeling in 3-D
ordered structures for prediction of aerogel thermal conductivity.
International Journal of Heat and Mass Transfer, 73, 103-109. doi:
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.01.058.

Bian, H.-m., Yang, Y., Wang, Y., & Tian, W. (2012). Preparation of
nanostructured alumina–titania composite powders by spray drying,
heat treatment and plasma treatment. Powder Technology, 219, 257-263.
doi: http://dx.doi.org/10.1016/j.powtec.2011.12.055.

Bonadei, A., & Marrocco, T. (2013). Cold sprayed MCrAlY + X coating for gas
turbine blades and vanes. Surface and Coatings Technology. 242, 206.
doi: http://dx.doi.org/10.1016/j.surfcoat.2013.08.019.

Bouyer, E., Gitzhofer, F., & Boulos, M. I. (1997). Suspension plasma spraying
for hydroxyapatite powder preparation by RF plasma. IEEE
Transactions on Plasma Science, 25(5), 1066-1072. doi: 10.1109/27.649
627.

Brinker, C. J., & Scherer, G. W. (2013). Sol-gel science: the physics and chemistry
of sol-gel processing. Cambridge, UK: Academic press.

Brunauer, S., Emmett, P. H., & Teller, E. (1938). Adsorption of Gases in
Multimolecular Layers. Journal of the American Chemical Society, 60(2),
309-319. doi: 10.1021/ja01269a023.

Bryning, M. B., Milkie, D. E., Islam, M. F., Hough, L. A., Kikkawa, J. M., &
Yodh, A. G. (2007). Carbon Nanotube Aerogels. Advanced Materials,
19(5), 661-664. doi: 10.1002/adma.200601748.

Cao, X. Q., Vassen, R., Schwartz, S., Jungen, W., Tietz, F., & Stöever, D.
(2000). Spray-drying of ceramics for plasma-spray coating. Journal of



© C
OPYRIG

HT U
PM

121

the European Ceramic Society, 20(14-15), 2433-2439. doi: 10.1016/S0955-
2219(00)00112-6.

Carraher Jr, C. E. (2005). General topics. Polymer News, 30(2), 62-64. doi:
http://dx.doi.org/10.1080/00323910500402961.

Chandra, S., & Fauchais, P. (2009). Formation of Solid Splats During Thermal
Spray Deposition. Journal of Thermal Spray Technology, 18(2), 148-180.
doi: 10.1007/s11666-009-9294-5.

Chen, D., Jordan, E. H., & Gell, M. (2009a). Microstructure of Suspension
Plasma Spray and Air Plasma Spray Al2O3-ZrO2 Composite Coatings.
Journal of Thermal Spray Technology, 18(3), 421-426. doi: 10.1007/s11666-
009-9306-5.

Chen, D., Jordan, E. H., & Gell, M. (2009b). Suspension plasma sprayed
composite coating using amorphous powder feedstock. Applied Surface
Science, 255(11), 5935-5938. doi: http://dx.doi.org/10.1016/ j.apsusc.20
09.01.038.

Cizek, J., Matejkova, M., Kouril, J., Cupera, J., & Dlouhy, I. (2016). Potential of
New-Generation Electron Beam Technology in Interface Modification
of Cold and HVOF Sprayed MCrAlY Bond Coats. Advances in
Materials Science and Engineering, 2016. doi:
http://dx.doi.org/10.1155/2016/9070468.

Costil, S., Liao, H., Gammoudi, A., & Coddet, C. (2005). Influence of surface
laser cleaning combined with substrate preheating on the splat
morphology. Journal of Thermal Spray Technology, 14(1), 31-38. doi:
10.1361/10599630522657.

Cotler, E. M., Chen, D., & Molz, R. J. (2011). Pressure-Based Liquid Feed
System for Suspension Plasma Spray Coatings. Journal of Thermal Spray
Technology, 20(4), 967-973. doi: 10.1007/s11666-011-9624-2.

Davis, J. R. (2004). Handbook of thermal spray technology. Ohio, US: ASM
international.

Dongmo, E., Gadow, R., Killinger, A., & Wenzelburger, M. (2009). Modeling
of combustion as well as heat, mass, and momentum transfer during
thermal spraying by HVOF and HVSFS. Journal of Thermal Spray
Technology, 18(5-6), 896-908. doi: 10.1007/s11666-009-9341-2.

Draper, N. R., & Smith, H. (2014). Applied regression analysis. New Jersey, US:
John Wiley & Sons.

Du, A., Zhou, B., Zhang, Z., & Shen, J. (2013). A Special Material or a New
State of Matter: A Review and Reconsideration of the Aerogel.
Materials, 6(3), 941. doi: 10.3390/ma6030941.



© C
OPYRIG

HT U
PM

122

Einarsrud, M.-A., Britt Kirkedelen, M., Nilsen, E., Mortensen, K., & Samseth,
J. (1998). Structural development of silica gels aged in TEOS. Journal of
Non-Crystalline Solids, 231(1–2), 10-16. doi: http://dx.doi.org/10
.1016/S0022-3093(98)00405-0.

Einarsrud, M.-A., & Nilsen, E. (1998). Strengthening of water glass and
colloidal sol based silica gels by aging in TEOS. Journal of Non-
Crystalline Solids, 226(1–2), 122-128. doi: http://dx.doi.org/10.1016/S
0022-3093(98)00370-6.

Fauchais, P., Etchart-Salas, R., Rat, V., Coudert, J. F., Caron, N., & Wittmann-
Ténèze, K. (2008). Parameters controlling liquid plasma spraying:
Solutions, sols, or suspensions. Journal of Thermal Spray Technology,
17(1), 31-59. doi: 10.1007/s11666-007-9152-2.

Fauchais, P., Heberlein, J. V. R., & Boulos, M. (2014). Thermal spray
fundamentals: From powder to part. New York, US: Springer Science &
Business Media.

Fauchais, P., Montavon, G., & Bertrand, G. (2010). From powders to
thermally sprayed coatings. Journal of Thermal Spray Technology, 19(1-
2), 56-80. doi: 10.1007/s11666-009-9435-x.

Fauchais, P., Montavon, G., Lima, R. S., & Marple, B. R. (2011). Engineering a
new class of thermal spray nano-based microstructures from
agglomerated nanostructured particles, suspensions and solutions: An
invited review. Journal of Physics D: Applied Physics, 44(9). doi:
10.1088/0022-3727/44/9/093001.

Fauchais, P., Montavon, G., & Bertrand, G. (2010). From powders to
thermally sprayed coatings. Journal of Thermal Spray Technology, 19(1-
2), 56-80. doi: 10.1007/s11666-009-9435-x.

Fesmire, J. E. (2016). Layered composite thermal insulation system for
nonvacuum cryogenic applications. Cryogenics, 74, 154-165. doi:
10.1016/j.cryogenics.2015.10.008.

Fidalgo, A., Farinha, J. P. S., Martinho, J. M. G., & Ilharco, L. M. (2013).
Flexible hybrid aerogels prepared under subcritical conditions. Journal
of Materials Chemistry A, 1(39), 12044-12052. doi: 10.1039/C3TA12431B.

Finley, M. (2008). Composites make for greener aircraft engines. Reinforced
Plastics, 52(1), 24-27. doi: http://dx.doi.org/10.1016/S0034-3617(08)
70033-X.

Fricke, J. (1986). Thermal transport in porous superinsulations. Aerogels, Vol
6. (94-103). doi: 10.1007/978-3-642-93313-4_11.



© C
OPYRIG

HT U
PM

123

Fricke, J. (1990). SiO2-aerogels: Modifications and applications. Journal of
Non-Crystalline Solids, 121(1–3), 188-192. doi: http://dx.doi.org/10.10
16/ 0022-3093(90)90129-A.

Fricke, J., & Tillotson, T. (1997). Aerogels: production, characterization, and
applications. Thin Solid Films, 297(1–2), 212-223. doi: http://dx.doi.
org/10.1016/S0040-6090(96)09441-2.

Gash, A. E., Tillotson, T. M., Satcher Jr, J. H., Hrubesh, L. W., & Simpson, R.
L. (2001). New sol–gel synthetic route to transition and main-group
metal oxide aerogels using inorganic salt precursors. Journal of Non-
Crystalline Solids, 285(1–3), 22-28. doi: http://dx.doi.org/10.1016/
S0022-3093(01)00427-6.

Gibiat, V., Lefeuvre, O., Woignier, T., Pelous, J., & Phalippou, J. (1995).
Acoustic properties and potential applications of silica aerogels.
Journal of Non-Crystalline Solids, 186(0), 244-255. doi: http://dx.doi.
org/10.1016/0022-3093(95)00049-6.

Global Aerogel Market 2014-2018. (2015). Technavio. Retrieved from
http://www.technavio.com/report/global-aerogel-market-2014-2018
(Last Accessed on 01 May 2017)

Gross, J., Reichenauer, G., & Fricke, J. (1988). Mechanical properties of SiO2
aerogels. Journal of Physics D: Applied Physics, 21, 1447-1451. doi:
http://dx.doi.org/10.1088/0022-3727/21/9/020.

Guo, H., Meador, M. A. B., McCorkle, L., Quade, D. J., Guo, J., Hamilton, B.,
& Cakmak, M. (2012). Tailoring Properties of Cross-Linked Polyimide
Aerogels for Better Moisture Resistance, Flexibility, and Strength. ACS
Applied Materials & Interfaces, 4(10), 5422-5429. doi: 10.1021/am301
347a.

Hæreid, S., Anderson, J., Einarsrud, M. A., Hua, D. W., & Smith, D. M.
(1995a). Thermal and temporal aging of TMOS-based aerogel
precursors in water. Journal of Non-Crystalline Solids, 185(3), 221-226.
doi: http://dx.doi.org/10.1016/0022-3093(95)00016-X.

Hæreid, S., Dahle, M., Lima, S., & Einarsrud, M. A. (1995b). Preparation and
properties of monolithic silica xerogels from TEOS-based alcogels
aged in silane solutions. Journal of Non-Crystalline Solids, 186, 96-103.
doi: http://dx.doi.org/10.1016/0022-3093(95)00039-9.

Hæreid, S., Nilsen, E., & Einarsrud, M.-A. (1996). Properties of silica gels
aged in TEOS. Journal of Non-Crystalline Solids, 204(3), 228-234. doi:
http://dx.doi.org/10.1016/S0022-3093(96)00418-8.

Halimaton, H. (2007). Silica aerogels. US7897648 B2.



© C
OPYRIG

HT U
PM

124

Hanif, A., Diao, S., Lu, Z., Fan, T., & Li, Z. (2016). Green lightweight
cementitious composite incorporating aerogels and fly ash
cenospheres - Mechanical and thermal insulating properties.
Construction and Building Materials, 116, 422-430. doi: 10.1016/j.con
buildmat.2016.04.134.

Hdach, H., Woignier, T., Phalippou, J., & Scherer, G. W. (1990). Proceedings
of the Fifth International Workshop on Glasses and Ceramics from
Gels Effect of aging and pH on the modulus of aerogels. Journal of
Non-Crystalline Solids, 121(1), 202-205. doi: http://dx.doi.org/10.1016
/0022-3093(90)90132-6.

He, Y.-L., & Xie, T. (2015). Advances of thermal conductivity models of
nanoscale silica aerogel insulation material. Applied Thermal
Engineering, 81, 28-50. doi: http://dx.doi.org/10.1016/j.applthermal
eng.2015.02.013.

Heley, J. R., Jackson, D., & James, P. F. (1995). Fine low density silica powders
prepared by supercritical drying of gels derived from silicon
tetrachloride. Journal of Non-Crystalline Solids, 186, 30-36. doi:
http://dx.doi.org/10.1016/0022-3093(95)00030-5.

Herrmann, G., Iden, R., Mielke, M., Teich, F., & Ziegler, B. (1995). On the way
to commercial production of silica aerogel. Journal of Non-Crystalline
Solids, 186, 380-387. doi: http://dx.doi.org/10.1016/00223093(95)900
76-4.

Hostler, S. R., Abramson, A. R., Gawryla, M. D., Bandi, S. A., & Schiraldi, D.
A. (2009). Thermal conductivity of a clay-based aerogel. International
Journal of Heat and Mass Transfer, 52(3-4), 665-669. doi:
10.1016/j.ijheatmasstransfer.2008.07.002.

Hwang, S.-W., Kim, T.-Y., & Hyun, S.-H. (2010). Effect of surface
modification conditions on the synthesis of mesoporous crack-free
silica aerogel monoliths from waterglass via ambient-drying.
Microporous and Mesoporous Materials, 130(1–3), 295-302. doi:
http://dx.doi.org/10.1016 /j.micromeso.2009.11.024.

Ibrahim, M., Biwole, P. H., Wurtz, E., Achard, P. (2014). A study on the
thermal performance of exterior walls covered with a recently
patented silica-aerogel-based insulating coating. Building and
Environment, 81, 112-122.
https://doi.org/10.1016/j.buildenv.2014.06.017

Ichikawa, Y., Ogawa, K., & Nonaka, I. (2011). High-temperature oxidation
behavior of cold-sprayed MCrAlY coatings. Zairyo/Journal of the Society
of Materials Science, Japan, 60(2), 159-166. doi: http://doi.org/10. 2472/
jsms.60.159.



© C
OPYRIG

HT U
PM

125

Janisson, S., Meillot, E., Vardelle, A., Coudert, J. F., Pateyron, B., & Fauchais,
P. (1999). Plasma spraying using Ar-He-H2 gas mixtures. Journal of
Thermal Spray Technology, 8(4), 545-552. doi: 10.1361/1059963997703
50232.

Jin, L., Li, P., Zhou, H., Zhang, W., Zhou, G., & Wang, C. (2015). Improving
thermal insulation of TC4 using YSZ-based coating and SiO2 aerogel.
Progress in Natural Science: Materials International, 25(2), 141-146. doi:
http://dx.doi.org/10.1016/j.pnsc.2015.03.006.

Jordan, E. H., Gell, M., Sohn, Y. H., Goberman, D., Shaw, L., Jiang, S., . . .
Strutt, P. (2001). Fabrication and evaluation of plasma sprayed
nanostructured alumina–titania coatings with superior properties.
Materials Science and Engineering: A, 301(1), 80-89. doi:
http://dx.doi.org/10.1016/S0921-5093(00)01382-4.

Kang, S.-K., & Choi, S.-Y. (2000). Synthesis of low-density silica gel at
ambient pressure: Effect of heat treatment. Journal of Materials Science,
35(19), 4971-4976. doi: 10.1023/a:1004842728314.

Kassner, H., Siegert, R., Hathiramani, D., Vassen, R., & Stoever, D. (2008).
Application of Suspension Plasma Spraying (SPS) for Manufacture of
Ceramic Coatings. Journal of Thermal Spray Technology, 17(1), 115-123.
doi: 10.1007/s11666-007-9144-2.

Keller, N., Bertrand, G., Comas, B., & Coddet, C. On the Tailoring of Spray
Dried Thermal Spray Powders. Paper presented at the Proceedings of the
International Thermal Spray Conference, Singapore. May, 2001.

Kistler, S. S. (1931). Coherent expanded aerogels and jellies. Nature,
127(3211), 741. doi: 10.1038/127741a0.

Kistler, S. S. (1932). Coherent expanded aerogels. Journal of Physical Chemistry,
36(1), 52-64. doi: 10.1021/j150331a003.

Kistler, S. S. (1935). The relation between heat conductivity and structure in
silica aerogel. Journal of Physical Chemistry, 39(1), 79-85. doi: http://
dx.doi.org/10.5254/1.3539386.

Kistler, S. S., & Caldwell, A. G. (1934). Thermal conductivity of silica aerogel.
Industrial & Engineering Chemistry, 26(6), 658-662. doi: 10.1021/ie50294
a016.

Koebel, M., Rigacci, A., & Achard, P. (2012). Aerogel-based thermal
superinsulation: An overview. Journal of Sol-Gel Science and Technology,
63(3), 315-339. doi: 10.1007/s10971-012-2792-9.

Kumar, V., & Kandasubramanian, B. (2016). Processing and design
methodologies for advanced and novel thermal barrier coatings for



© C
OPYRIG

HT U
PM

126

engineering applications. Particuology, 27, 1-28. doi: 10.1016/j.partic.
2016.01.007.

Kwon, Y.-G., Choi, S.-Y., Kang, E.-S., & Baek, S.-S. (2000). Ambient-dried
silica aerogel doped with TiO2 powder for thermal insulation. Journal
of Materials Science, 35(24), 6075-6079. doi: 10.1023/A:1026775632209.

Lee, C. J., Kim, G. S., & Hyun, S. H. Synthesis of silica aerogels from
waterglass via new modified ambient drying. (2002). Journal of
Materials Science, 37(11), 2237-2241. doi: 10.1023/a:1015309014546.

Leventis, L., Mulik, S., and Sotiriou-Leventis, C. (2007). Crosslinking 3D
assemblies of silica nanoparticles (aerogels) by surface-initiated free
radical polymerization of styrene and methylmethacrylate. Polymer
Preprints, 48(1), 950-951. Retrieved from http://scholarsmine.mst.ed
u/faculty_work/688/

Leventis, N., Chandrasekaran, N., Sotiriou-Leventis, C., & Mumtaz, A.
(2009). Smelting in the age of nano: iron aerogels. Journal of Materials
Chemistry, 19(1), 63-65. doi: 10.1039/B815985H.

Leventis, N., Sotiriou-Leventis, C., Zhang, G., & Rawashdeh, A.-M. M. (2002).
Nanoengineering Strong Silica Aerogels. Nano Letters, 2(9), 957-960.
doi: 10.1021/nl025690e.

Li, C.-J. (2010). Thermal Spraying of Light Alloys. In H. S. Dong, Surface
Engineering of Light Alloys (pp. 185). Cambridge, UK: Woodhead
Publishing Limited.

Li, T., & Wang, T. (2008). Preparation of silica aerogel from rice hull ash by
drying at atmospheric pressure. Materials Chemistry and Physics, 112(2),
398-401. doi: http://dx.doi.org/10.1016/j.matchemphys.2008 .05.066.

Lima, R. S., Karthikeyan, J., Kay, C. M., Lindemann, J., & Berndt, C. C. (2002).
Microstructural characteristics of cold-sprayed nanostructured WC–
Co coatings. Thin Solid Films, 416(1–2), 129-135. doi: http://dx.doi.org
/10. 1016/S0040-6090(02)00631-4.

Lima, R. S., Kucuk, A., & Berndt, C. C. (2001a). Evaluation of microhardness
and elastic modulus of thermally sprayed nanostructured zirconia
coatings. Surface and Coatings Technology, 135(2–3), 166-172. doi:
http://dx.doi.org/10.1016/S0257-8972(00)00997-X.

Lima, R. S., Kucuk, A., & Berndt, C. C. (2001b). Integrity of nanostructured
partially stabilized zirconia after plasma spray processing. Materials
Science and Engineering: A, 313(1–2), 75-82. doi: http://dx.doi.org/10.
1016/S0921-5093(01)01146-7.



© C
OPYRIG

HT U
PM

127

Lima, R. S., Kucuk, A., & Berndt, C. C. (2002). Bimodal distribution of
mechanical properties on plasma sprayed nanostructured partially
stabilized zirconia. Materials Science and Engineering: A, 327(2), 224-232.
doi: http://dx.doi.org/10.1016/S0921-5093(01)01530-1.

Lima, R. S., & Marple, B. R. (2007). Thermal spray coatings engineered from
nanostructured ceramic agglomerated powders for structural, thermal
barrier and biomedical applications: a review. Journal of Thermal Spray
Technology, 16(1), 40-63. doi: 10.1007/s11666-006-9010-7.

Lin, H.-F., Liao, S.-C., & Hung, S.-W. (2005). The dc thermal plasma synthesis
of ZnO nanoparticles for visible-light photocatalyst. Journal of
Photochemistry and Photobiology A: Chemistry, 174(1), 82-87. doi:
http://dx.doi.org/10.1016/j.jphotochem.2005.02.015.

Longo, F. N. (1992). Industrial guide-markets, materials, and applications for
thermal-sprayed coatings. Journal of Thermal Spray Technology, 1(2),
143-145. doi: 10.1007/BF02659014.

Mahdjoub, H., Roy, P., Filiatre, C., Bertrand, G., & Coddet, C. (2003). The
effect of the slurry formulation upon the morphology of spray-dried
yttria stabilised zirconia particles. Journal of the European Ceramic
Society, 23(10), 1637-1648. doi: 10.1016/S0955-2219(02)00412-0.

Marchand, O., Girardot, L., Planche, M. P., Bertrand, P., Bailly, Y., &
Bertrand, G. (2011). An Insight into Suspension Plasma Spray:
Injection of the Suspension and Its Interaction with the Plasma Flow.
Journal of Thermal Spray Technology, 20(6), 1310-1320. doi:
10.1007/s11666-011-9682-5.

Masters, K. (1979). Spray drying handbook. Essex, UK: Longman Group Ltd.

Mauer, G., Sebold, D., Vaßen, R., Hejrani, E., Naumenko, D., & Quadakkers,
W. J. (2016). Impact of processing conditions and feedstock
characteristics on thermally sprayed MCrAlY bondcoat properties.
Surface and Coatings Technology, In Press. doi: http://dx.doi.org/10.10
16/j.surfcoat.2016.08.079.

Mayer, S. T., Pekala, R. W., & Kaschmitter, J. L. (1993). The Aerocapacitor: An
electrochemical double layer energy storage device. Journal of The
Electrochemical Society, 140(2), 446-451. doi: 10.1149/1.2221066.

McDonald, A., Moreau, C., & Chandra, S. (2010). Use of thermal emission
signals to characterize the impact of fully and partially molten plasma-
sprayed zirconia particles on glass surfaces. Surface and Coatings
Technology, 204(15), 2323-2330. doi: 10.1016/j.surfcoat.2009.1 2.026.



© C
OPYRIG

HT U
PM

128

McNaught, A. D., & Wilkinson, A. (2005). IUPAC Compendium of Chemical
Terminology, 2nd ed. (the "Gold Book"): WileyBlackwell; 2nd Revised
edition edition. Retrieved from https://goldbook.iupac.org/

Meador, M. A., Guo, Haiquan. (2012a). Porous cross-linked polyimide
networks. US9109088 B2.

Meador, M. A. B., Malow, E. J., Silva, R., Wright, S., Quade, D., Vivod, S. L., .
. . Cakmak, M. (2012b). Mechanically Strong, Flexible Polyimide
Aerogels Cross-Linked with Aromatic Triamine. ACS Applied Materials
& Interfaces, 4(2), 536-544. doi: 10.1021/am2014635.

Mohanan, J. L., Arachchige, I. U., & Brock, S. L. (2005). Porous semiconductor
chalcogenide aerogels. Science (New York, N.Y.), 307(5708), 397-400.
doi: 10.1126/science.1104226.

Moner-Girona, M., Martı́nez, E., Roig, A., Esteve, J., & Molins, E. (2001).
Mechanical properties of silica aerogels measured by
microindentation: influence of sol–gel processing parameters and
carbon addition. Journal of Non-Crystalline Solids, 285(1–3), 244-250.
doi: http://dx.doi.org/10 .1016/S0022-3093(01)00462-8.

Morks, M. F., Tsunekawa, Y., Okumiva, M., & Shoeib, M. A. (2002). Splat
morphology and microstructure of plasma sprayed cast iron with
different preheat substrate temperatures. Journal of Thermal Spray
Technology, 11(2), 226-232. doi: 10.1361/105996302770348880.

Newbery, A., Grant, P., & Neiser, R. (2005). The velocity and temperature of
steel droplets during electric arc spraying. Surface and Coatings
Technology, 195(1), 91-101. doi: 10.1007/s00396-002-0814-9.

Newman, A., & Lauten, F. (2008). Sprayable Aerogel Insulation
US 20080241490 A1.

Owens, G. J., Singh, R. K., Foroutan, F., Alqaysi, M., Han, C.-M., Mahapatra,
C., . . . Knowles, J. C. (2016). Sol–gel based materials for biomedical
applications. Progress in Materials Science, 77, 1-79. doi:
http://dx.doi.org/10.1016/j.pmatsci.2015.12.001.

Padture, N. P., Gell, M., & Jordan, E. H. (2002). Thermal barrier coatings for
gas-turbine engine applications. Science, 296(5566), 280-284. doi:
10.1126/science.1068609.

Pajonk, G. M. (2003). Some applications of silica aerogels. Colloid and Polymer
Science, 281(7), 637-651. doi: 10.1007/s00396-002-0814-9.

Pajonk, G. M., Venkateswara Rao, A., Sawant, B. M., & Parvathy, N. N.
(1997). Dependence of monolithicity and physical properties of TMOS
silica aerogels on gel aging and drying conditions1. Journal of Non-



© C
OPYRIG

HT U
PM

129

Crystalline Solids, 209(1–2), 40-50. doi: http://dx.doi.org/10.1016/S00
22-3093(96)00560-1.

Parmenter, K. E., & Milstein, F. (1998). Mechanical properties of silica
aerogels. Journal of Non-Crystalline Solids, 223(3), 179-189. doi:
http://dx.doi.org /10.1016/S0022-3093(97)00430-4.

Pawlowski, L. (2008). The science and engineering of thermal spray coatings. New
Jersey, US: John Wiley & Sons.

Pawlowski, L. (2009). Suspension and solution thermal spray coatings.
Surface and Coatings Technology, 203(19), 2807-2829. doi: http://dx
.doi.org/10.1016/j.surfcoat.2009.03.005.

Pekala, R. W. (1989). Organic aerogels from the polycondensation of
resorcinol with formaldehyde. Journal of Materials Science, 24(9), 3221-
3227. doi: 10.1007/bf01139044.

Pekala, R. W., Mayer, S. T., Kaschmitter, J. L., & Kong, F. M. (1994). Carbon
aerogels: An update on structure, properties, and applications. In Y.
A. Attia (Ed.), Sol-Gel Processing and Applications (pp. 369-377). New
York, US: Springer.

Pierlot, C., Pawlowski, L., Bigan, M., & Chagnon, P. (2008). Design of
experiments in thermal spraying: A review. Surface and Coatings
Technology, 202(18), 4483-4490. doi: http://dx.doi.org/10.1016/j.surfco
at.2008.04.031.

Pierre, A. C., & Pajonk, G. M. (2002). Chemistry of aerogels and their
applications. Chemical Reviews, 102(11), 4243-4265. doi: 10.1021/cr010
1306.

Poco, J. F., Coronado, P. R., Pekala, R. W., & Hrubesh, L. W. (1996). A Rapid
Supercritical Extraction Process for the Production of Silica Aerogels.
Materials Research Society Proceedings Library Archives, 297(431). doi:
https://doi.org/10.1557/PROC-431-297.

Poelz, G., & Riethmüller, R. (1982). Preparation of silica aerogel for
Cherenkov counters. Nuclear Instruments and Methods, 195(3), 491-503.
doi: 10.1016/0029-554X(82)90010-6.

Prakash, S. S., Brinker, C. J., Hurd, A. J., & Rao, S. M. (1995). Silica aerogel
films prepared at ambient pressure by using surface derivatization to
induce reversible drying shrinkage. Nature, 374(6521), 439-443. doi:
doi:10.1038/374439a0.

Rauch, J., Bolelli, G., Killinger, A., Gadow, R., Cannillo, V., & Lusvarghi, L.
(2009). Advances in high velocity suspension flame spraying (HVSFS).



© C
OPYRIG

HT U
PM

130

Surface and Coatings Technology, 203(15), 2131-2138. doi: http://dx.doi
.org/10.1016/j.surfcoat.2008.12.002.

Rettelbach, T., Säuberlich, J., Korder, S., & Fricke, J. (1995). Proceedings of the
Fourth International Symposium on AEROGELSThermal conductivity
of silica aerogel powders at temperatures from 10 to 275 K. Journal of
Non-Crystalline Solids, 186, 278-284. doi: http://dx.doi.org/10.1016/00
22-3093(95)00051-8.

Riffat, S. B., & Qiu, G. (2013). A review of state-of-the-art aerogel applications
in buildings. International Journal of Low-Carbon Technologies, 8(1), 1-6.
doi: 10.1093/ijlct/cts001.

Roth, T. B., Anderson, A. M., & Carroll, M. K. (2008). Analysis of a rapid
supercritical extraction aerogel fabrication process: Prediction of
thermodynamic conditions during processing. Journal of Non-
Crystalline Solids, 354(31), 3685-3693. doi: http://dx.doi.org/10.1016/j
.jnoncrysol.2008.04.003.

Sánchez, E., Moreno, A., Vicent, M., Salvador, M. D., Bonache, V., Klyatskina,
E., . . . Moreno, R. (2010). Preparation and spray drying of Al2O3–TiO2
nanoparticle suspensions to obtain nanostructured coatings by APS.
Surface and Coatings Technology, 205(4), 987-992. doi: http://dx .doi.org
/10.1016/j.surfcoat.2010.06.002.

Satha, H., Atamnia, K., & Despetis, F. (2013). Effect of Drying Processes on
the Texture of Silica Gels. Journal of Biomaterials and Nanobiotechnology,
4(1), 17. doi: 10.4236/jbnb.2013.41003.

Scherer, G. W., Smith, D. M., Qiu, X., & Anderson, J. M. (1995). Compression
of aerogels. Journal of Non-Crystalline Solids, 186(0), 316-320. doi:
http://dx.doi.org/10.1016/0022-3093(95)00074-7.

Schiller, G., Müller, M., & Gitzhofer, F. (1999). Preparation of perovskite
powders and coatings by radio frequency suspension plasma
spraying. Journal of Thermal Spray Technology, 8(3), 389-392. doi: 10.136
1/1059963 99770350322.

Sharifzadeh, S., Verstraete, D., & Hendrick, P. (2015). Cryogenic hydrogen
fuel tanks for large hypersonic cruise vehicles. International Journal of
Hydrogen Energy, 40(37), 12798-12810. doi: 10.1016/j.ijhydene.2015.07
.120.

Shaw, L. L., Goberman, D., Ren, R., Gell, M., Jiang, S., Wang, Y., . . . Strutt, P.
R. (2000). The dependency of microstructure and properties of
nanostructured coatings on plasma spray conditions. Surface and
Coatings Technology, 130(1), 1-8. doi: http://dx.doi.org/10.1016/S0257-
8972(00)00673-3.



© C
OPYRIG

HT U
PM

131

Shewale, P., Venkateswara Rao, A., Parvathy Rao, A., & Bhagat, S. D. (2009).
Synthesis of transparent silica aerogels with low density and better
hydrophobicity by controlled sol–gel route and subsequent
atmospheric pressure drying. Journal of Sol-Gel Science and Technology,
49(3), 285-292. doi: 10.1007/s10971-008-1888-8.

Shi, F., Wang, L., & Liu, J. (2006). Synthesis and characterization of silica
aerogels by a novel fast ambient pressure drying process. Materials
Letters, 60(29–30), 3718-3722. doi: http://dx.doi.org/10.1016/j.matlet.
2006.03.095.

Siegmann, S., & Abert, C. (2013). 100 years of thermal spray: About the
inventor Max Ulrich Schoop. Surface and Coatings Technology, 220, 3-13.
doi: http://dx.doi.org/10.1016/j.surfcoat.2012.10.034.

Sinkó, K. (2010). Influence of chemical conditions on the nanoporous
structure of silicate aerogels. Materials, 3(1), 704-740. doi: 10.3390/
ma3010704.

Smith, D. M., Deshpande, R., & Brinker, C. J. Preparation of low-density aerogels
at ambient pressure. Paper presented at the Proceedings of Better
Ceramics Through Chemistry, Pittsburgh. May, 1992.

Smitha, S., Shajesh, P., Aravind, P. R., Kumar, S. R., Pillai, P. K., & Warrier, K.
G. K. (2006). Effect of aging time and concentration of aging solution
on the porosity characteristics of subcritically dried silica aerogels.
Microporous and Mesoporous Materials, 91(1-3), 286-292. doi:
10.4236/jbnb.2013.41003.

Sokołowski, P., Pawłowski, L., Dietrich, D., Lampke, T., & Jech, D. (2016).
Advanced Microscopic Study of Suspension Plasma-Sprayed Zirconia
Coatings with Different Microstructures. Journal of Thermal Spray
Technology, 25(1), 94-104. doi: 10.1007/s11666-015-0310-7.

Soleimani Dorcheh, A., & Abbasi, M. H. (2008). Silica aerogel; synthesis,
properties and characterization. Journal of Materials Processing
Technology, 199(1-3), 10-26. doi: 10.1016/j.jmatprotec.2007.10.060.

Spagnol, S., Lartigue, B., Trombe, A., & Gibiat, V. (2008). Modeling of
thermal conduction in granular silica aerogels. Journal of Sol-Gel Science
and Technology, 48(1-2), 40-46. doi: 10.1007/s10971-008-1759-3.

Stier, O. (2013). Fundamental Cost Analysis of Cold Spray. Journal of Thermal
Spray Technology, 1-9. doi: 10.1007/s11666-013-9972-1.

Suh, D. J., Park, T.-J., Sonn, J. H., & Lim, J.-C. (1999). Effect of aging on the
porous texture of silica aerogels prepared by NH4OH and NH4F



© C
OPYRIG

HT U
PM

132

catalyzed sol-gel process. Journal of materials science letters, 18(18), 1473-
1475. doi: 10.1023/A:1006625913694.

Tadjarodi, A., Haghverdi, M., & Mohammadi, V. (2012). Preparation and
characterization of nano-porous silica aerogel from rice husk ash by
drying at atmospheric pressure. Materials Research Bulletin, 47(9), 2584-
2589. doi: http://dx.doi.org/10.1016/j.materresbull.2012.04.143.

Takahashi, R., Nakanishi, K., & Soga, N. (1995). Effects of aging and solvent
exchange on pore structure of silica gels with interconnected
macropores. Journal of Non-Crystalline Solids, 189(1–2), 66-76. doi:
http://dx.doi.org/10.1016/0022-3093(95)00203-0.

Tang, Q., & Wang, T. (2005). Preparation of silica aerogel from rice hull ash
by supercritical carbon dioxide drying. The Journal of Supercritical
Fluids, 35(1), 91-94. doi: http://dx.doi.org/10.1016/j.supflu.2004.12.0
03

Tappan, B. C., Huynh, M. H., Hiskey, M. A., Chavez, D. E., Luther, E. P.,
Mang, J. T., & Son, S. F. (2006). Ultralow-density nanostructured metal
foams:  Combustion synthesis, morphology, and composition. Journal
of the American Chemical Society, 128(20), 6589-6594. doi: 10.1021/ja056
550k.

Teichner, S. J., Nicolaon, G. A., Vicarini, M. A., & Gardes, G. E. E. (1976).
Inorganic oxide aerogels. Advances in Colloid and Interface Science, 5(3),
245-273. doi: 10.1016/0001-8686(76)80004-8.

Teichner, S. J., & Nicoloan, G. A. (1972). Method of preparing inorganic
aerogels. US3,672,833.

Tewari, P. H., & Hunt, A. J. (1986 ). Process for forming transparent aerogel
insulating arrays. US4,610,863.

Tewari, P. H., Hunt, A. J., & Lofftus, K. D. (1985). Ambient-temperature
supercritical drying of transparent silica aerogels. Materials Letters,
3(9–10), 363-367. doi: http://dx.doi.org/10.1016/0167-577X(85)90077-
1.

Thirumalaikumarasamy, D., Shanmugam, K., & Balasubramanian, V. (2012).
Effect of atmospheric plasma spraying parameters on porosity level of
alumina coatings. Surface Engineering, 28(10), 759-766. doi:
10.1179/1743294412Y.0000000058.

Tillotson, T. M., & Hrubesh, L. W. (1992). Transparent ultralow-density silica
aerogels prepared by a two-step sol-gel process. Journal of Non-
Crystalline Solids, 145(1-3), 44-50. doi: http://dx.doi.org/10.1016/S002
2-3093(05)80427-2.



© C
OPYRIG

HT U
PM

133

Toma, F.-L., Bertrand, G., Klein, D., Coddet, C., & Meunier, C. (2006).
Nanostructured photocatalytic titania coatings formed by suspension
plasma spraying. Journal of Thermal Spray Technology, 15(4), 587-592.
doi: 10.1361/105996306x147234.

Toma, F.-L., Bertrand, G., Klein, D., Meunier, C., & Begin, S. (2008).
Development of Photocatalytic Active TiO2 Surfaces by Thermal
Spraying of Nanopowders. Journal of Nanomaterials, 2008, 8. doi:
10.1155/2008/384171.

Tuyen, C. K., Nguyen, M. H., & Roach, P. D. (2010). Effects of spray drying
conditions on the physicochemical and antioxidant properties of the
Gac (Momordica cochinchinensis) fruit aril powder. Journal of Food
Engineering, 98(3), 385-392. doi: http://dx.doi.org/10.1016/j.jfoodeng
.2010.01.016.

Venkataraman, M., Mishra, R., Kotresh, T., Militky, J., & Jamshaid, H. (2016).
Aerogels for thermal insulation in high-performance textiles. Textile
Progress, 48(2), 55-118. doi: http://dx.doi.org/10.1080/00405167.2016
.1179477.

Venkateswara Rao, A., Parvathy Rao, A., & Kulkarni, M. M. (2004). Influence
of gel aging and Na2SiO3/H2O molar ratio on monolithicity and
physical properties of water–glass-based aerogels dried at
atmospheric pressure. Journal of Non-Crystalline Solids, 350, 224-229.
doi: http://dx.doi.org/10.1016/j.jnoncrysol.2004.07.083.

Vicent, M., Sánchez, E., Santacruz, I., & Moreno, R. (2011). Dispersion of TiO
2 nanopowders to obtain homogeneous nanostructured granules by
spray-drying. Journal of the European Ceramic Society, 31(8), 1413-1419.
doi: http://dx.doi.org/10.1016/j.jeurceramsoc.2011.01.026.

Wagner, N., Gnädig, K., Kreye, H., & Kronewetter, H. (1984). Particle
velocity in hypersonic flame spraying of WC-Co. Surface Technology,
22(1), 61-71. doi: http://dx.doi.org/10.1016/0376-4583(84)90029-3.

Wang, W., Dufour, C., & Zhou, W. (2015). Impacts of spray-drying
conditions on the physicochemical properties of soy sauce powders
using maltodextrin as auxiliary drying carrier. CyTA - Journal of Food,
13(4), 548-555. doi: 10.1080/19476337.2015.1014430.

Wang, Y., Jiang, S., Wang, M., Wang, S., Xiao, T. D., & Strutt, P. R. (2000).
Abrasive wear characteristics of plasma sprayed nanostructured
alumina/titania coatings. Wear, 237(2), 176-185. doi: http://dx.doi.org
/10.1016/S0043-1648(99)00323-3.



© C
OPYRIG

HT U
PM

134

Wei, G., Liu, Y., Du, X., & Zhang, X. (2012). Gaseous conductivity study on
silica aerogel and its composite insulation materials. Journal of Heat
Transfer, 134(4), 041301-041301- 041305. doi: 10.1115/1.4004170.

Wei, G., Liu, Y., Zhang, X., & Du, X. (2013). Radiative heat transfer study on
silica aerogel and its composite insulation materials. Journal of Non-
Crystalline Solids, 362(0), 231-236. doi: http://dx.doi.org/10.1016/j.jno
ncrysol.2012.11.041.

Wei, G., Liu, Y., Zhang, X., Yu, F., & Du, X. (2011). Thermal conductivities
study on silica aerogel and its composite insulation materials.
International Journal of Heat and Mass Transfer, 54(11-12), 2355-2366. doi:
10.1016/j.ijheatmasstransfer.2011.02.026.

Wei, T.-Y., Chang, T.-F., Lu, S.-Y., & Chang, Y.-C. (2007). Preparation of
monolithic silica aerogel of low thermal conductivity by ambient
pressure drying. Journal of the American Ceramic Society, 90(7), 2003-
2007. doi: 10.1111/j.1551-2916.2007.01671.x.

Wei, T. Y., Chang, T. F., Lu, S. Y., & Chang, Y. C. (2007). Preparation of
monolithic silica aerogel of low thermal conductivity by ambient
pressure drying. Journal of the American Ceramic Society, 90(7), 2003-
2007. doi: 10.1111/j.1551-2916.2007.01671.x.

Wei, W., Zhang, J. Y., Wu, L. P., & Qin, G. T. (2012). Effects of Preparation
Conditions on Characters of Hydrophobic Silica Granular Aerogel and
its Applications. Advanced Materials Research, 600, 190-193. doi:
10.4028/www.scientific.net/AMR.600.190.

Wigren, J., de Vries, J. F., & Greving, D. (1996). Effect of powder morphology,
microstructure, and residual stresses on thermal barrier coating
thermal shock performance. Thermal Spray: Practical Solutions for
Engineering Problems, 855-861. Retrieved from www.asminternational.
org (Last Accessed on 01 May 2017).

Woignier, T., & Phalippou, J. (1987). Skeletal density of silica aerogels. Journal
of Non-Crystalline Solids, 93(1), 17-21. doi: http://dx.doi.org/10.1016/
S0022-3093(87)80024-8.

Worsley, M. A., Pham, T. T., Yan, A., Shin, S. J., Lee, J. R. I., Bagge-Hansen,
M., . . . Zettl, A. (2014). Synthesis and Characterization of Highly
Crystalline Graphene Aerogels. ACS Nano, 8(10), 11013-11022. doi:
10.1021/nn505335u.

Yu, B., Feng, Y. J., Wohn, L. S., Huang, C., Li, Y. F., & Jia, Z. (2012). Spray-
drying of alumina powder for APS: effect of slurry properties and
drying conditions upon particle size and morphology of feedstock.



© C
OPYRIG

HT U
PM

135

Bulletin of Materials Science, 34(7), 1653-1661. doi: 10.1007/s12034-011-
0373-0.

Zeng, S. Q., Hunt, A., & Greif, R. (1995a). Geometric Structure and Thermal
Conductivity of Porous Medium Silica Aerogel. Journal of Heat
Transfer, 117(4), 1055-1058. doi: 10.1115/1.2836281.

Zeng, S. Q., Hunt, A., & Greif, R. (1995b). Transport properties of gas in silica
aerogel. Journal of Non-Crystalline Solids, 186, 264-270. doi: http://dx.
doi.org/10.1016/0022-3093(95)00052-6.

Zhao, J.-J., Duan, Y.-Y., Wang, X.-D., & Wang, B.-X. (2012a). A 3-D numerical
heat transfer model for silica aerogels based on the porous secondary
nanoparticle aggregate structure. Journal of Non-Crystalline Solids,
358(10), 1287-1297. doi: 10.1016/j.jnoncrysol.2012.02.035.

Zhao, J.-J., Duan, Y.-Y., Wang, X.-D., & Wang, B.-X. (2012b). An analytical
model for combined radiative and conductive heat transfer in fiber-
loaded silica aerogels. Journal of Non-Crystalline Solids, 358(10), 1303-
1312. doi: 10.1016/j.jnoncrysol.2012.02.037.

Zhou, B., Shen, J., Wu, Y., Wu, G., & Ni, X. (2007). Hydrophobic silica
aerogels derived from polyethoxydisiloxane and perfluoroalkylsilane.
Materials Science and Engineering: C, 27(5–8), 1291-1294. doi:
http://dx.doi.org /10.1016/j.msec.2006.06.032.

Zulkifli, I. S. M., Yajid, M. A. M., Hamdan, H., & Muhid, M. N. M. (2014).
Maerogel: Alternative for Thermal Barrier Coating Topcoat. Advanced
Materials Research, 845,330-334. doi:10.4028/www.scientific.net/AMR
.845 .330.


	1. Nad Title Page.pdf
	2. Blank Page After Dedication.pdf
	3. Copyright and dedication.pdf
	4. Nadiir Initial Pages.pdf
	5. Blank Page After Initial Pages.pdf
	6. Nad C1.pdf
	7. Nad C2.pdf
	8. Nad C3-part 1.pdf
	9. Nad C3-part 2 .pdf
	10. Nad C3-part 3.pdf
	11. Nad C4 -part 1.pdf
	12. Nad C4- part 2.pdf
	13. Nad C4- part 3.pdf
	14. Nad C4- part 4.pdf
	15. Nad C5.pdf
	16. Nad References.pdf
	17. Appendix BioD Pub.pdf
	18. SKPSI1_STATUS_CONFIRMATION_FOR_THESIS_PROJECT_REPORT_AND_COPYRIGHT.pdf



