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ABSTRACT

FARJANA SULTANA. Densification and Enhancement of Thermomechanical Properties of 3D
SiC Using Silica Nanowire Growth Modeling & In-Situ Mineralization Technique. (Under the
direction of DR. AHMED EL-GHANNAM and DR. HARISH CHERUKURI)

Silicon carbide (SiC) is a promising material for high-temperature applications in various
industries. Additive manufacturing (AM) of SiC has gained attention due to its challenging
manufacturing process, and previous studies from our lab have shown that the creation of a silica
gel layer on the surface of SiC using NaOH solution activated the surface and allowed 3D
printing of SiC using water based binder in a powder bed binder jet printer. The dried silica gel
layer binds adjacent SiC particles upon hydration during 3D printing at room temperature. The
3D printed green parts require a secondary surface activation by impregnating in NaOH solution
and thermal treatment to enhance density and strength. The secondary surface activation
technique creates an additional silica layer on the surface of SiC at room temperature which can
lead to the growth of silica nanowire inside the pore of 3D printed SiC parts upon heat treatment.
The hypotheses underlying this approach are twofold: (i) maximum growth of the silica
nanowires will facilitate densification and mechanical properties, and (ii) the silica gel layer can
mediate a strong bond between SiC and silicate minerals such as mullite. This thesis has three
main objectives. First to understand the effect of post processing parameters including
concentration of NaOH, thermal treatment temperature and dwelling time on silica nanowires
growth and subsequent density and mechanical properties, second, to develop and validate a
mathematical model for silica nanowires’ growth and ceramic strengthening, and the third
objective is to examine the role of creating liquid mullite bonding agent instead of silica layer for

the purpose of achieving denser SiC composite. This thesis is structured into two parts: (i)



experimentally optimizing the post processing parameters for silica (SiO2) nanowire growth
inside the pore of 3D printed SiC discs based on quantitative SEM analysis and development of a
mathematical growth model for silica nanowire growth, and (ii) creating in situ synthesized
liquid mullite as a secondary binder phase for the densification and strengthening of 3D SiC
manufactured using powder metallurgy technique.

In the first part, the effects of post processing parameters, such as NaOH concentration,
sintering temperature, and time, on silica nanowire growth are investigated. The silica nanowires,
grown through vapor-solid noncatalytic mechanism, depend on NaOH concentration, with 20%
NaOH showing the highest nanowire number density. The optimal combination for nanowire
growth involves impregnation with 10% NaOH and heat treatment at 550 °C for 6 hours and
1100 °C for 4 hours. This results in a nanowire number density of 55431 + 9232 mm™, with a
compressive strength of 9.86 + 1.4 MPa, density of 2.27 gcm, and porosity of 38.32%.
Subsequently, a mathematical nanowire growth model was developed using experimental data in
order to investigate the growth mechanism and understand the effect of reaction kinetics on the
nanowire growth. The model accounted for the reaction Kinetics controlling the formation of
silica molecule and its subsequent deposition on nanowire top surface contributing to the growth
of the nanowire. The change in nanowire length relation with respect to different post processing
parameters obtained from the model showed a good agreement with the experimental data.

The silica gel layer on the surface activated SiC particles transforms into cristobalite
(SiO2) upon heat treatment which serves as a binding agent that holds the SiC particles together
and controls the thermomechanical properties, density and porosity of the 3D printed SiC.
Therefore, in the second part of this dissertation, addressing the limitations of cristobalite's

mechanical and thermal properties in comparison to SiC, an in-situ mullite binding agent was



developed. The composition of 85SiC/15ash exhibits the highest mechanical strength among the
samples, with a compressive strength of 434 £ 20 MPa. XRD analysis reveals a composition of
81.8 wt% SiC, 11.4 wt% mullite, and 6.8 wt% cristobalite in the thermally treated sample. SEM-
EDX analysis shows a concentration gradient of Al in cristobalite, enhancing the formation of
functionally graded bonding zones between phases. The resulting SiC-mullite composite displays
exceptional thermomechanical properties, including a nanoindentation elastic modulus of 370.9
+ 22.6 GPa, Vickers hardness of 11.5 £ 1.2 GPa, and high thermal shock resistance. The mullite
binding phase resulted in a dense SiC composite with only 8% porosity. The resulting SiC-
mullite composite is suitable for high temperature applications such as diesel motor parts, gas
turbines, industrial heat exchangers, fusion reactor parts, high-temperature energy exchanger
systems, and hot gas filters due to its high mechanical strength and thermal shock-resistance.
This work demonstrated the potential of utilizing an in-situ mullite bonding agent instead of
silica layer in additive manufacturing of SiC in the powder bed binder jet process for achieving a

dense SiC parts with high thermomechanical properties.
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PART I

SILICA NANOWIRE GROWTH



CHAPTER 1: INTRODUCTION

1.1 SiC and manufacturing of SiC

Silicon Carbide (SiC), commonly known by its historical name "carborundum,” stands at
the forefront of advanced materials with its unique combination of exceptional physical,
chemical and mechanical properties. This compound, composed of silicon and carbon, has
gained significant attention in both scientific and industrial communities due to its remarkable
characteristics including low density, high thermal conductivity, low thermal expansion, high
mechanical strength and thermal shock resistance [1-7]. The unique properties of SiC and related
materials make them as suitable candidates for different military and engineering fields that
operate at elevated temperature, such as armor, gas turbine parts, for molten metal and gas

filtration, aerospace, optical mirrors and in nuclear energy stations [8-13].

The application of SiC in military or engineering fields necessitates the creation of
complex three-dimensional SiC ceramic components, posing significant challenges to their
fabrication [14-16]. Traditionally, various techniques have been employed for the fabrication of
SiC ceramics, including pressure-assisted methods like hot pressing, pressed preforms followed
by sintering, liquid silicon infiltration (LSI), chemical vapor infiltration (CVI), and precursor
impregnation and pyrolysis (PIP) [13, 17-20]. However, a significant drawback of these methods
is their limited capability to produce components with complex geometries. Currently, the
production of three-dimensional complex shaped SiC ceramic components employs two
methods. The first, sintering and machining, creates bulk SiC ceramic through various sintering
methods and shapes it using machining techniques [21, 22]. The second, near-net forming and
sintering, involves creating a complex-shaped SiC green body through processes like slip casting

or injection molding, followed by pressureless sintering [23-26]. However, both approaches have



drawbacks. In the sintering and machining approach, the intrinsic brittleness and hardness of SiC
ceramic lead to machining defects and damages, reducing service properties and longevity [22].
Additionally, the machining of ceramics is a costly and labor-intensive process. Data in the
literature showed mechanical tooling costs can constitute up to 80% of the overall manufacturing
expenses for ceramic part [27]. The near-net forming and sintering approach requires molds,
extending production cycles and costs. Techniques like slip casting and injection molding often
compromise precision, density, and strength due to mold reliance. Gel casting, avoiding molds,
involves toxic materials [23]. Both approaches fall short of meeting the demands for
manufacturing complex 3D SiC ceramic components, emphasizing the urgent need for

alternative fabrication methods such as additive manufacturing (AM).

1.2 Additive manufacturing of SiC

The emergence of additive manufacturing (AM) technologies, commonly known as 3D
printing, marks a transformative phase in material fabrication, bringing about a revolution in the
production of complex structures characterized by enhanced precision and customization. Unlike
traditional methods that often involve subtracting material from a larger block, AM builds up
structures layer by layer. This layer-by-layer fabrication process allows for precise control over
the geometry of the final product, resulting in complex and highly customized designs that might
be impractical or impossible to achieve through conventional techniques. AM presents an

opportunity to create intricate 3D structures using a variety of materials [28, 29].

The integration of AM techniques into the manufacturing processes of SiC holds the
promise of overcoming traditional constraints and unlocking novel possibilities for the
application of this remarkable material. Early attempts at incorporating SiC into additive

manufacturing processes faced challenges related to the material's high melting point and



susceptibility to thermal stresses. However, recent breakthroughs have demonstrated that the
feedstock materials for SiC ceramics in AM can be pre-ceramic polymers, powder-based
materials, or reactive chemical-based substances. The selection of feedstock type depends on the
specific AM methods used. AM methods necessitating subsequent densification processes
include stereolithography, direct ink writing, gel casting, binder jet printing, and laminated object
manufacturing [30-38]. Conversely, AM methods capable of layer-by-layer consolidation include
selective laser sintering (SLS) and selective laser chemical vapor deposition (LCVD) [39, 40].
Each AM method comes with its set of advantages and drawbacks concerning component size,
feature size, additive process speed, presence or absence of structural support during AM, surface

quality, cost, and dimensional restrictions which was discussed in detailed by Chen et al. [41].

In this thesis, we focused on the AM of SiC using powder bed binder jetting technique.
This dissertation discusses the complexities of binder jetting AM technique, addressing the
current challenges for SiC manufacturing, and proposing innovative solutions to propel this field

forward.

1.3 Powder bed binder jetting AM technique

Powder bed binder jetting 3D printing (PBBJ) emerges as a promising AM technology,
employing an inkjet-based process with powders to construct three-dimensional objects [42]. The
process initiates with the digital modeling of the intended product in a Computer-Aided Design
(CAD) package, followed by converting the CAD model into a digital stereolithography file
format (STL file) for printing. Once the STL file is fed into the printer, then the printing process
begins with a powder-spreading roller moving horizontally to spread a powder layer evenly on
the build bed. Subsequently, a liquid binder, such as a polymer in a solvent or aqueous solution,

is jetted from the printhead onto the designated powder layer based on the slice data, forming a



curing layer by binding selected powder particles. The build bed descends for each layer by a
piston supporting the build bed, and a new powder layer is applied, this process is repeated layer
by layer until the entire three-dimensional structure is complete [43, 44]. After the printing step,
some binder jet technologies may require post-curing, involving the removal of the bed from the
printer and heating until the binder is adequately dried [45, 46]. The resulting green parts, with
enough strength, are then handled and moved to the densification furnace. Loose powder in the
build box is removed via vacuum and manual brushing, followed by further cleaning of
individual parts. The green metal powder parts resulting from the binder jet print process are then
densified either by sintering to full density or infiltration with another material [47, 48]. Figure 1
summarizes the complete PBBJ AM process along with the different post processing steps used

for enhancing the mechanical properties of 3D printed green body.
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Figure 1: Illustration of PBBJ AM process [49]. (a) Initial steps involve preparing the foundation and the first layer
for binder jetting. (b, ¢) The process continues by jetting binder onto the powder bed and spreading a new layer of
powder, repeating this sequence until the entire printing process is completed. (d) The printed structure undergoes
binder curing in an oven. (e) Loose powder is removed through depowdering. (f) Infiltration step. (g) Another
depowdering step is performed, leading to (h) the final sintering stage in a controlled atmosphere for consolidation.

PBBJ is a highly promising AM technology for ceramic materials, offering exceptional

design freedom and scalability. One of its key advantages lies in the absence of supporting



structures for parts with overhangs or bridges, coupled with compatibility with a wide range of
materials [50]. PBBJ demonstrates a relatively high building rate compared to other AM
technologies [51]. Moreover, in the PBBJ process, the bonding of powder occurs layer by layer,
resulting in the absence of residual stress in the sample. This characteristic makes it particularly

suitable for brittle materials like ceramics [52].

However, a significant drawback of this technology is the low packing density of powder
layers and the utilization of a binder for part construction. This combination gives rise to high
porosity and low mechanical properties in the produced green parts [53, 54]. The weak

connection between powder particles sets it apart from other additive manufacturing processes.

While parts produced through binder jetting exhibit a high level of porosity, achieving a
high density in ceramic components is still attainable through the use of subsequent post
processing techniques like sintering or infiltration. For example, Gonzalez et al. [55]
accomplished 96% of the theoretical density for aluminum oxide parts after sintering at 1600
°C/16 hr. In another study done by Fielding et al. [56], 95% density was achieved after post
processing by adding ZnO and SiO; into (Caz(POs)2) powder. Melcher et al. utilized copper
infiltration to create dense parts from alumina green samples with 36% density [57]. Hence, the
development of post processing strategies is essential for further enhancement of the density and

mechanical strength of the additively manufactured green body.

1.4 Post processing techniques used for SiC green body after PBBJ 3D printing

PBBJ has been employed for SiC ceramic fabrication, often followed by densification
methods like melt infiltration or sintering. Various studies, such as those by Lv et al. [58], Baux
et al. [59], Fleisher et al. [60], and Fu et al. [61] have utilized PBBJ to create SiC green bodies,

subsequently applying methods like chemical vapor infiltration (CV1), chemical vapor deposition



(CVD), capillary liquid silicon infiltration (CLSI), and pyrolysis to achieve densification. These
densification processes (such as CVI, CVD, CLSI, PIP, etc.) after PBBJ can introduce material
defects. For example, methods like melt infiltration result in two-phase composite materials,
while sintering causes volume shrinkage and distortion. CVI, although providing a dense, single-
constituent part, has limitations in component dimensions and topological complexity. The
infiltration processes may lead to incomplete densification in thick or complex components.
These challenges highlight the need for innovative approaches to enhance the quality of PBBJ -

prepared SiC ceramics.

In this work the 3D printed SiC green body after heat treatment at 650 °C/5 hr was
subjected to an impregnation treatment using NaOH solution. Our previous publications [62-64]
showed that when NaOH solution was mixed with SiC particles, NaOH broke the Si—C bond in
SiC, released silanol groups (Si(OH)n, n = 1-4) on the material surface before subsequent heat
treatment. The low electronegativity of Si facilitated the bonding with hydroxyl ions (OH),
leading to the spontaneous re-polymerization of silanol groups into a uniform amorphous gel
layer on the SiC particle surface. Alkali solution oxidation of SiC allowed precise control over
SiO> thickness at room temperature, promoting passive oxidation, weight gain, and densification
upon heat treatment. Using silica gel coated SiC particles in disc preparation provided
dimensional stability advantages over traditional sintering methods prone to disc shrinkage and
weight loss. The pre-formation of a silica gel layer upon heat treatment in the temperature range
from 800 to 1100 °C, directed oxidation reaction to produce silica nanowires inside the pore of
SiC disc, enhancing the strength of the disc while maintaining dimensional stability. Improved
mechanical properties may have resulted from enhanced silica layer diffusion, potentially

facilitated by sodium, leading to better bonding between SiC particles and also the silica



nanowire formations that bridged the walls between particles that subsequently densified the
resulting solid. Therefore, similar densification and strengthening technique was adapted for the
3D printed SiC green body through the formation of silica nanowire inside the pore of 3D printed

SiC disc after impregnation in NaOH solution and subsequent heat treatment.

1.5 Hypothesis
The hypothesis behind this work is that the maximum growth of the silica nanowires will

facilitate densification and mechanical properties of the additively manufactured SiC parts.

1.6 Objective

There are two main objectives for this part of the thesis. First to understand the effect of
post processing parameters including concentration of NaOH, thermal treatment temperature and
dwelling time on silica nanowires growth and subsequent density and mechanical properties,
second, to develop and validate a mathematical model for nanowires’ growth and ceramic

strengthening using the experimental data.

1.7 Silica nanowire growth

In the past two decades, the growth and characterization of one-dimensional (1-D)
nanostructures such as nanotubes, nanowires, nanobelts have gained a lot of attention because of
their distinctive structure, unique properties, and applications [65-67]. Furthermore, the
development of 1D or 2D nanomaterials as reinforcement in ceramic matrix composite has
attracted great interest in recent years due to their high mechanical and distinctive physical
properties [68]. Nanowires play a crucial role as reinforcement materials in ceramics, addressing
challenges related to adhesion and structural integrity. Their high aspect ratios, low diameters,
and outstanding mechanical properties make them ideal candidates for enhancing the

performance of ceramic matrix composites (CMCs) [69, 70]. Several studies have shown the



implementation of nanowires as reinforcement materials, such as SiC nanowires (SiC nws) [71-
78], offer improved tensile strength, flexural strength, and toughness to the composite materials,
contributing to increased specific strength and stiffness. Due to outstanding physicochemical
stability, lately, there has been a growing focus on developing nanofiber-based CMCs such as
alumina nanofiber/geopolymer matrix composites [79], carbon nanofiber-reinforced alumina
[80], and zirconia [81], along with a composite film incorporating carbon nanofibers and ZrB2
[82], glass fiber [83], and silica nanowires [84]. Among them, silica nanowires (SiO2 nws) are
one-dimensional nanostructures with unique characteristics, ranging from a few nanometers to
micrometers in diameter. These nanowires tend to form intricate morphologies, including
flowers, carrots, clusters, and spheres [85]. Several methods such as laser ablation [86], oxide-
assisted growth [87], sol-gel template method [88], carbothermal reduction [89], and gas-phase
growth [90] (i.e., vapor-liquid-solid, solid-liquid-solid, vapor-solid growth) have been used to
synthesize silica nanowires. Silica nanowires possess a large aspect ratio, making them valuable

in various applications, especially as reinforcing elements in composite materials.

In this work, silica nanowire was grown by vapor-solid (VS) mechanism inside the pore
of additively manufactured SiC disc during sintering as reinforcing material for the 3D printed
SiC discs. The density, porosity and mechanical strength of the 3D printed SiC samples
depended on the silica nanowire number density, nanowire dimensions. Previous studies from
our lab showed that the nanowire number density and size such as length and width of the
nanowires varied with respect to the experimental parameters such as NaOH concentration and
thermal treatments [62-64]. However, previous investigations lacked a comprehensive analysis
of both quantitative and qualitative characteristics of silica nanowires. Given the significant

influence of shape, size, and morphology on the ultimate physical and chemical properties of
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nanowires, this study aims to explore how post-processing parameters influence the number
density, size, and morphology of silica nanowires. This can be achieved through a meticulous
analysis employing quantitative SEM image analysis in conjunction with a nanowire growth
model. The primary focus of this work is to determine the optimal NaOH concentration and
thermal treatment conditions that facilitate the nucleation and growth of secondary silica
nanowires within the pores of 3D-printed SiC components, consequently enhancing densification
and mechanical properties. The development of nanowire growth model is crucial for

maximizing the output of nanowire synthesis.

The morphologies and number density of silica nanowires as a function of NaOH
concentration, sintering temperature, and dwelling time were analyzed with the help of
differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis. DSC analysis
measures the heat flow into or out of a sample as a function of temperature or time. It is
commonly used to investigate phase transitions, such as melting, crystallization, glass transitions,
and chemical reactions that involve heat changes. During a DSC analysis, a sample and a
reference material are subjected to identical thermal cycles, and the heat difference between them
is recorded. This provides information about the material's heat capacity, enthalpy changes, and
the temperature at which transitions occur. TG analysis, on the other hand, measures the weight
change of a sample as a function of temperature or time in a controlled atmosphere. This
technique is particularly useful for studying decomposition, oxidation, and volatilization
processes. During a TG analysis, the sample is heated or cooled, and its weight change is
recorded. The temperature at which specific weight changes occur can provide insights into the
thermal stability and composition of the material. Based on the DSC-TG analysis, NaOH

concentrations and heat treatment protocol have been selected for analyzing the effect of post
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processing parameters on silica nanowires growth using a quantitative SEM image analysis

technique.

1.8 Nanowire growth model

While experimental validation remains important in materials science research, the
integration of numerical modeling serves as a powerful complement, providing insights into
underlying processes and aiding in the prediction of complex phenomena. A notable example is
nanowire formation, where the low repeatability of growth poses a significant challenge for mass
production. Achieving nanostructures with specified properties involves prolonged optimization
of technological parameters such as temperature, carrier flow, and annealing time, necessitating
an extensive series of experimental studies [91]. Consequently, delving into the nanowire
formation process becomes essential for a more profound understanding of the physics governing
growth on activated surfaces [92], necessitating the development of appropriate theoretical
models. It requires the development of adequate theoretical models. Previous modeling studies
have covered diverse growth mechanisms, including vapor-liquid-solid (VLS) and vapor-solid
(VS) processes. For instance, diffusion-induced nanowire growth models have been crafted for
various nanowires (e.g., Ge, GaN, GaP) formed via the vapor-liquid-solid (VLS) mechanism [93-
97]. Simakov, V., et al [91] has developed a diffusion transport model for the selective growth of
tin dioxide nanowires using the VS (vapor—solid) mechanism through catalyst-free physical
vapor deposition. However, these established mathematical models predominantly focus on
nanowire growth on substrate surfaces within controlled environments. Notably, there is an
absence of mathematical models in the literature exploring nanowire growth mechanisms in bulk
materials. The primary challenge in developing such models lies in the scarcity of data and a

comprehensive understanding of the growth process.
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This work introduces a theoretical growth model for silica nanowires formed within the
pores of a SiC disc. The objective is to construct a theoretical framework elucidating the
dynamics of nanowire growth and subsequently validate this model through experimental
measurements. This work advances the field by introducing a numerical model specifically
tailored to the NaOH solution impregnation-induced silica nanowire growth in SiC. Ordinary
differential equations (ODEs) have been formulated to represent the dynamic evolution of
nanowire length over time, considering key parameters such as solution concentration, sintering
temperature and time. The numerical implementation utilizes the forward Euler method within
the MATLAB environment to predict the increase of silica nanowire lengths under various

processing conditions.

To establish the credibility of the numerical model, extensive comparisons have been
made between theoretical predictions and experimental measurements of nanowire lengths
obtained through controlled impregnation processes. The agreement between model predictions
and experimental data not only validates the proposed ODEs but also provides a deeper
understanding of the underlying mechanisms governing silica nanowire growth in SiC discs. The
integration of numerical modeling into the exploration of silica nanowire growth offers a

predictive tool for optimizing the proposed post processing technique for AM of SiC.
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CHAPTER 2: EXPERIMENTAL WORK ON SILICA NANOWIRE GROWTH

2.1 Materials and methods

2.1.1 3D printing of SiC using 3DProjet460Plus printer

The raw materials used for printing were a powder mixture of 70 weight % of SiC
powder (US Nano research, Houston, TX, USA) with average particle size of 40 um, 15 weight
% of SiC with average particle size of 2 um and 15 weight % of SiC with average particle size of
600 nm [98]. As described in a previous study from our lab [98] prior to mixing with submicron
SiC particles, the 40 um SiC powder was mixed with a 20% sodium hydroxide solution using a
commercial power drill with a paint mixer with a 1-3/4" spiral blade, resulting in a homogenous
slurry after 30 minutes. The mixture was covered and left for 24 hours, then decanted, and
washed with nanopure water. The washing process was repeated until the pH of the SiC
suspension reached 10 - 11. The particles were dried overnight in a chemical fume hood,
followed by milling with alumina beads for 4 hours using a roller mixer. Next, the SiC powder
was sieved and dried in an oven at 100 °C for 12 hr and again the SiC powder was milled using
the roller mixture to break any clumps. The binder jetting machine used in this research is
Projet460Plus printer from 3D systems (Rock hill, SC). 3D printed SiC discs of 10 mm diameter
X 7. mm height for post processing analysis and cylinders of 10 mm diameter x 20 mm height for
mechanical strength measurement, were printed using a layer thickness of 102 um. The binder
used in this work from 3D systems was a water-based binder system (with anaerobic bacteria)
without requirement of curing of the printed parts. Upon completion of printing, the printed
samples were carefully taken out of the build bed and were heat treated in a Thermolyne™
(Thermo Scientific, Vernon Hills, IL) muffle furnace at 650 °C/5 hr at a rate of 10 °C/min [98].

During the heat treatment process, the water-based binder phase burnt out from the printed parts
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and the formation of amorphous SiO; on the surface activated 40 um SiC particles provided
handling strength to printed parts. After this step, any loose powders remaining on the green
parts were removed by gently using the air blower attachment on the ProJet 460 Plus printer.
Then, in order to achieve further densification and strengthening of the 3D printed SiC green
parts, various post processing steps were performed based on the differential scanning

calorimetry (DSC) and thermogravimetric analysis (TGA) method discussed in the next section.

2.1.2 Sample preparation and differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) preparation

40 pum average particle size SiC powders were pretreated with 5%, 10% and, 20% NaOH,
were hand pressed in a tungsten carbide die for a duration of 1 min without any external compact
pressure to mimic the 3D printing process and a disc of 5 mm diameter x 4 mm length was
prepared. The thermal analysis of SiC discs were performed using a coupled DSC-TGA thermal
analyzer TA SDT Q600 (TA Instruments) in air environment at a heating rate of 10 °C/min over
the range from room temperature to 1100 °C and maintained at 1100 °C for 30 mins. The thermal
analysis was performed on these SiC discs to select the optimal thermal treatment parameters for
post processing stage that facilitate nucleation and growth of silica nanowires inside the pores of

3D printed SiC parts and enhance densification and mechanical properties.

2.1.3 Effect of post processing parameters on 3D printed SiC green parts

2.1.3.1 Effect of NaOH concentration on the silica nanowire growth

Objective: The objective of this experiment was to determine the optimum NaOH
concentration that enhances densification and strengthening of 3D printed SiC samples by
creating maximum nanowire growth and nanowire number density (mm2). 3D printed SiC discs

(10 mm diameter x 7 mm height) pretreated at 550 °C/6 hr were impregnated separately in 5%,
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10%, and 20% NaOH solution for 15 mins and were subjected to two-step heat treatment
procedure. Based on the DSC-TGA analysis, the NaOH-impregnated 3D printed SiC discs were
heat treated at nucleation temperature (550 °C) for 6 hr and then the secondary heat treatment
was done at crystallization temperature (800 °C) for 2 hr. After thermal treatment, the density of
the samples was measured using Archimedes method, the mechanical properties were measured

in compression mode and the fracture surface was analyzed by SEM-EDX.

2.1.3.2 Effect of sintering temperature on the silica nanowire growth

Next, the effect of sintering temperature on the densification and strengthening of the 3D
printed SiC samples by creating optimum nanowire growth and nanowire number density (mm-2)
were analyzed by varying the sintering temperatures. In this analysis, 10% NaOH was chosen for
impregnating 3D printed SiC green parts, based on the findings from previous experiment. The
selection is supported by the observation that 10% NaOH demonstrated favorable dimensional
stability compared to 20% NaOH and superior mechanical properties compared to 5% NaOH.
3D printed SiC discs (10 mm diameter x 7 mm height) were impregnated in 10% NaOH solution
for 15 mins and were subjected to two-step heat treatment process discussed in section 2.3.1. At
first all the samples were heat treated at nucleation temperature (550 °C) for 6 hr and then
subjected to heat treatment at various sintering temperature ranging from 800 °C/2 hr, 900 °C/2
hr, 1000 °C/2 hr and 1100 °C/2 hr. After thermal treatment, the mechanical properties of the 3D

printed SiC cylinders (n=7) of 10 mm diameter x 20 mm height were measured.

2.1.3.3 Effect of dwelling time on the silica nanowire growth
It was found from the previous experiment that thermal treatment at 1100 °C led to the
maximum nanowire number density and growth, the current study focused on analyzing the

impact of dwelling time on nanowire growth. Therefore, the temperature was held constant at
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1100 °C, while varying the dwelling time to investigate its influence on silica nanowire

development and mechanical properties of 3D printed SiC parts.

The objective is to determine the optimum dwelling time at 1100 °C that enhances the
densification and strengthening of the 3D printed SiC samples by promoting maximum nanowire
growth and nanowire number density (mm2). 3D printed SiC discs (10 mm diameter x 7 mm
height) were impregnated in 10% NaOH solution for 15 mins and were subjected to two-step
heat treatment process. First all the samples were heat treated at nucleation temperature (550 °C)
for 6 hr and then at 1100 °C for 2 hr, 4 hr, 6 hr, or 8 hr in air. 3D printed SiC cylinders (n=7) (10
mm diameter x 20 mm height) were prepared for mechanical properties measurements. Fracture

surface was analyzed by SEM-EDX.

2.1.4 Characterization

2.1.4.1 Density measurements

The apparent open porosity (Pa, %) and density (D, g-cm=) were measured by following
the Archimedes principle, employing a density determination kit (Ohaus, Parsippany, NJ) and a
digital scale (Ohaus, Parsippany, NJ). Pure DI water served as the immersion liquid. The
calculation of apparent density (D) was calculated using Eq. (1),

m, @)

D= (D,-D,)+D,

md _mw
where, m, is the dry mass of the sample in grams (g), m,, is the mass of the saturated

sample in water (g), D, is the density of the DI water (g-cm™), and D, represents the air density

(0.0012 g-cm®). The apparent open porosity was determined through Eq. (2),
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where, m, represents saturated sample mass in the air ().

2.1.4.2 SEM-EDX morphology analysis

Both nanowire growth and the thickness of the bonding zone between SiC particles are
important material parameters that control the mechanical properties. Therefore, the fractured
surface of the 3D printed samples pre-impregnated with different post processing parameters was
analyzed by SEM-EDX. Scanning electron microscope-energy dispersive X-ray (SEM-EDX)
analysis was used to analyze the morphology of the sintered discs including:

(i) Droplets number density that is the number of droplets per unit surface area on the
wall of the pore, (ii) width of the droplets at the base (at the contact surface with the wall of the
pore), similarly, (iii) nanowire number density, and (iv) length and width of the nanowires
present inside the pore of the 3D printed SiC discs. The elemental composition of the
microstructural features was assessed through Energy-Dispersive X-ray Spectroscopy (EDX) at
20 kV with a working distance of 10 mm using an Oxford Instruments INCA EDS in

combination with a JEOL 6480 SEM (SEM, JEOL USA, Waterford, VA).

2.1.5 Quantitative SEM image analysis

Quantitative image analysis was done using SEM images for studying the influence of
post processing parameters such as NaOH concentration, sintering temperature and time profile,
on silica droplets formation, nanowire growth and width of the bonding zone between fused SiC
particles. Silica droplet number density, defined as the number of silica droplets per unit surface
area of the pore wall (mm™2), was determined from at least 10 SEM images at x10,000

magnification per three samples. An open-source software, ImageJ developed by the National
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Institute of health sciences (LOCI, University of Wisconsin) was employed for SEM image
analysis. First, the area of the micrograph was measured and then using the multi-point tool the
number of droplets were counted in the measured area. The mean and standard deviations were
evaluated to measure the droplets number density with respect to NaOH concentration. The
width of the droplets at the base, in contact with the SiC particle surface, was measured, and a
histogram divided the data into four groups: 0.08 pm — 0.3 pm, 0.3 um — 0.6 um, 0.6 pum — 1 um,
and 1 um — 4.7 um. Mean and standard deviations were evaluated to analyze the percentage of
droplets in different width groups with respect to post processing parameters. Similarly, the
nanowire number density, length and width of the silica nanowires on the fracture surface of 3D
printed SiC discs were analyzed using the ImageJ software. For the analysis of nanowires, at
least 40 SEM images at x2000 magnification per three samples for different post processing
parameters were used. The fractured surface of the SiC discs were divided into 4 quarters and 10
SEM images were collected from each quarter. For the quantitative analysis of nanowire width,
tapered nanowires’ width was measured at the base of the nanowire close to the SiC particle
surface. While measuring nanowire length, the fractured nanowires or the nanowire which both
ends were not visible in the micrograph were not considered during measurement. For the
analysis of width of silica bonding zone fusing the SiC particles, at least 10 SEM images at
x2000 magpnification per three samples were captured on the fracture surface of 3D printed SiC
discs. ImageJ software was employed for bonding zone width analysis and mean, and standard
deviations were evaluated to characterize the width of silica bonding zone between silicon

carbide particles.
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2.1.6 Compressive strength and modulus of elasticity measurements

The mechanical properties of the thermally treated 3D printed SiC cylinders were
measured using an Instron 5582 machine (Instron 5582, Norwood, MA) at 25 °C in air. To
analyze the post processing parameters on the compressive strength, 3D printed SiC cylinders
(n=7) of 10 mm diameter x 20 mm height were used. The samples were compressed at a rate of 2
mm/min until reaching failure. The stress-strain curves derived from these tests were utilized to

determine both compressive strength and the modulus of elasticity under compression.

2.1.7 Statistical analysis
Statistical analysis of mean differences was conducted using One-Way ANOVA test with
Tukey’s HSD test for multiple comparisons. A significance level of p < 0.05 was applied to

determine statistical significance.
2.2 Results and discussion

2.2.1 Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TG) analysis
Figure 2 shows the differential scanning calorimetry (DSC) and thermogravimetric (TG)

analysis performed on SiC discs (5 mm diameter x 4 mm length) pretreated with 5%, 10% or,

20% NaOH, to determine the nucleation and phase transformation temperatures of the silica

phase on the SiC surface.
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Figure 2: DSC-TG analysis of 40 um SiC mixed with (a) 5 %, (b) 10 %, and (c) 20 % NaOH, hand pressed using

minimal pressure and heat treated to 1100 °C for 30 mins in air environment at a heating rate of 10 °C/min.
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DSC analysis showed an endothermic peak at around 122 °C indicating water desorption
in the temperature range of 75 — 180 °C. In association with the desorption, TG analysis showed
0.1764%, 0.2811%, and 0.4811% weight loss respectively for samples pretreated with 5%, 10%,
and 20% NaOH. This was similar to previous studies that reported desorption of water from
amorphous silica in the temperature range 25 — 200 °C [99, 100]. The amount of water
desorption increased with the increase in the NaOH concentration due to the increased formation
of silica gel layer. This was confirmed in previous studies from this lab where the FTIR analysis
showed a significant increase in the area under the peak for the Si-OH and the Si-O-Si as the
NaOH concentration varies from 5%, 10%, 15%, 20%, and 40% [101]. Following desorption, the
silica gel layer underwent condensation of the hydroxyl groups that led to elimination of water

molecules and formation of Si-O-Si siloxane bridges according to the equation given as,

Si(OH),(s) + Si(OH),(s) — 2SiO,(s) + 4H,0(g)

The 0.219% weight loss in the temperature range 200 — 725 °C is attributed to the
dehydroxylation process of silica gel as well as the release of SiO and Si(OH)4 vapor molecules.
Previous studies using FTIR analyses confirmed the release of silicon oxide and silanol groups
from the silica gel layer on the surface of SiC [62, 63]. Dehydroxylation of pure silica in the
temperature range from 200 — 700 °C was reported in the literature to be associated with weight
losses depending on the surface area of the material [102, 103]. The DSC curves for all samples
treated with various concentrations of NaOH showed an endothermic peak at 525.5 °C indicating
the nucleation of the silica crystals. Previous studies showed that the T4 of sodium silicate glass
that has 1:2 Na:Si ratio was 440 °C [104]. Previous studies from our lab showed that the ratio of
Na:Si is much lower than 1:2 and hence the nucleation temperature is expected to be high [62,

63].
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DSC analysis showed a major exothermic peak due to crystallization in the temperature
range from 667 - 831 °C, 702 - 861 °C, and 689 - 938 °C for samples pretreated with 5%, 10%,
and 20% NaOH. Measurement of area under the peaks showed an increase in the AH as the
NaOH concentration increased from 5% to 20%. The AH for samples pretreated with 5%, 10%,
and 20% where 45.8 J/g, 87.97 J/g, and 446.7 J/g, respectively. The increase in AH correlates
with the significant weight gain observed by TG analysis associated with increased oxidation

reaction that led to nanowire formation according to the reactions given by,

2Si0 (g)+0,(g) — 2Si0,(s)
Si(OH),(g)+Si(OH),(g) — 2Si0,(s) +4H,0(9)
The TG analysis showed that the weight gains for samples treated with 5, 10 and 20%
NaOH were 1.77 mg, 2.03 mg, and 2.80 mg, respectively. SEM analysis confirmed the DSC and
TG analyses and showed significant increase in the nanowire number density for samples
pretreated with 20% NaOH compared to 10% and 5% NaOH samples heated at 1100 °C/30 mins

(Figure 3).
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Figure 3: SEM analysis of DSC-TGA samples prepared by mixing 40 um SiC with (a) 5%, (b) 10%, and (c) 20%
NaOH, compacted at 0.47 MPa and heat treated to 1100 °C for 30 mins in air environment at a heating rate of 10
°C/min.

In conjunction with the differences in the nanowire’s density, TG analysis showed a
significant increase in weight gain. The rate of weight gain for all samples took place in two
steps. The initial weight gain step took place in the temperature range 552-831 °C, 636-861 °C
and 726-940 °C for sample pretreated with 5%, 10%, and 20% NaOH, respectively. The rate of
weight gain in the first step increased with the increase in the concentration of NaOH in the order
of 20.8 ug/min, 34.1 ug/min, and 77.76 ug/min for 5%, 10%, and 20% NaOH, respectively. The
second weight gain step took place in the temperature range 831-1100 °C, 861-1100 °C, and 940-
1100 °C for sample pretreated with 5%, 10%, and 20% NaOH, respectively. A similar trend in
the rate of weight gain was also observed in the second step weight gain stage from TG analysis.

The rate of weight gain in the second step increased with the increase in the concentration of
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NaOH in the order of 44.13 ug/min, 48.75 ug/min, and 73.2 ug/min for 5%, 10%, and 20%
NaOH, respectively. For the 20% NaOH constant rate in the two steps weight gain observed due
to presence of thick silica gel that was deprived of oxygen as shown in our previous study, EDX
analysis clearly revealed that the silica layer is oxygen deficient with Si/O ratio close to 1 [62,
63]. For the samples pretreated with 5% or 10% NaOH the weight gain increased in the second
step (in the temperature range 831-1100 °C or 861-1100 °C) compared to the first step (in the
temperature range 552-831 °C or 636-861 °C) due to the passive oxidation. Data in the literature
showed that passive oxidation leads to weight gain due to the formation of a SiO2 layer on the
SiC surface through oxidation. The SiO- layer functions as a protective barrier, impeding further
oxidation, and concurrently releases gaseous phases such as SiO (g) and CO (g) from the SiC
material [105-107]. Therefore, in our work, the formation of silica gel layer by chemically
attacking the SiC surface using NaOH solution, promoted passive oxidation that led to weight
gain and densification upon heat treatment. The initial high rate of weight gain was due to
oxygen diffusion into the oxygen deficient silica layer [62, 63]. As more oxygen diffusion took
place the concentration gradient decreased, and the rate of diffusion also decreased. The DSC-
TG analysis confirmed that the nucleation temperature is at 525.5 °C and crystallization
temperature is at 800 °C. The analysis also confirmed that as the NaOH concentration increases,
significant weight gain can be observed along with significant increase in nanowire number
density. Based on the above analysis, the effect of NaOH concentrations and thermal treatment
parameters for post processing stage of 3D printed SiC green body was investigated in the next
sections of this thesis. The goal of this investigation is to determine the optimum parameters that
facilitate nucleation and growth of secondary crystals at the SiC grain boundaries and enhance

densification and mechanical properties.
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2.2.2 Effect of NaOH concentration on nucleation and growth of the silica nanowire

SEM morphological analysis of fractured surface of 3D printed SiC discs impregnated in
5%, 10%, and 20% NaOH for 15 mins and heat treated at the nucleation temperature of 525
°C/20 mins is shown Figure 6. At 525 °C the SEM analysis showed the formation of silica
droplets/nuclei on the SiC particle surface. Based on Figure 4, it is evident that the number of
silica droplets or nuclei formed on the SiC particle surface increased with increase in NaOH

concentrations.

.
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Figure 4: SEM analysis of fractured surface of 3D printed SiC discs impregnated in (a) 5%, (b) 10% and (c) 20%
NaOH for 15 mins, heat treated at 525 °C/20 mins showing the droplets/ nuclei formation on the SiC particles
surface.

A gquantitative SEM analysis was performed on fractured surface of the 3D printed SiC
disc impregnated in 5%, 10%, and 20% NaOH for 15 mins, subjected to a heat treatment at 525

°C for 20 mins for analyzing the silica droplets number density (mm-2) and % distribution of
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silica droplets width groups as shown in Figure 5. The results revealed a significant increase in
the average number of silica droplets per 1 mm? area with increasing NaOH concentration:
1906513 + 602204 for 5% NaOH, 3626558 + 523220 for 10% NaOH, and 4161277 + 481338 for
20% NaOH (Figure 5a). Analysis of droplet width distribution showed a bimodal pattern for
samples treated with 5%, 10%, and 20% NaOH, as shown in Figure 5b. In the case of 5% NaOH,
the majority of silica droplets were within the 0.08 um — 0.3 um (38.54%) and 0.3 pm — 0.6 pm
(52.17%) width groups. However, there was an observable shift in the distribution towards wider
width groups (0.6 pum — 1 pum and 1 pm — 4.7 um) with increasing NaOH concentration.
Specifically, the percentage increased from 8.66% and 0.62% for 5% NaOH to 13.32% and
1.52% for 10% NaOH, and further to 18.84% and 7.33% for 20% NaOH, indicating a trend of
silica droplets favoring larger width groups under higher NaOH concentrations. The observed
percentage increase in the larger droplet width group, along with a concurrent decrease in the
smaller width groups as NaOH concentration increases, can be attributed to the high density of
silica droplets present in the sample. This increased droplet density facilitated the coalescence of

smaller droplets, ultimately leading to the formation of larger droplets.
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Figure 5: Quantitative SEM image analysis obtained from the fractured surface of 3D SiC discs showing the change
in (a) silica droplets number density (mm2), and (b) % distribution of droplets width groups for 5%, 10% and 20%
NaOH concentrations. (****P<0.0001.)

SEM morphological analysis of fractured surface of 3D printed SiC discs impregnated in
5%, 10%, and 20% NaOH for 15 mins and heat treated at 550 °C/6 hr followed by a heat

treatment at crystallization temperature of 800 °C/2 hr is shown Figure 6. The number of
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nanowires present inside the pore of the 3D printed SiC discs and size of the nanowires increased

with increase in NaOH concentrations.

i LA . "B 1“
Figure 6: SEM analysis of fractured surface of 3D printed SiC discs impregnated in (a) 5%, (b) 10% and (c) 20%
NaOH for 15 mins, heat treated at 550 °C/6 hr followed by heat treatment at 800 °C/2 hr in air environment at a
heating rate of 1 °C/min. The number and size of the nanowires increase as NaOH concentration increases from 5%
to 10% or 20%.

Figure 7 shows the quantitative SEM image analysis performed on the fractured surface
of 3D SiC discs showing the change in silica nanowire number density (mm-2), % distribution of
nanowire width groups, and average length of the nanowire for 5%, 10%, and 20% NaOH
concentrations. The ImageJ software analysis of the fracture surface showed a statistically
significant higher number density of nanowires in the samples impregnated in 20% NaOH
compared to 5% or 10% NaOH (Figure 7a). Here, the increased number of silica nanowire

crystals in the 20% NaOH is attributed to the high number of silica droplets or nuclei formation



29

in the sample as demonstrated in Figure 4 and Figure 5a. The nucleation process is enhanced by
the presence of Na ions as well as the hydroxyl groups present in the silica gel layer. The
nanowire number density (mm) as well as the width and length distribution of the nanowires
increased according to the concentration of the NaOH used to pretreat 3D printed SiC in the
order 20% > 10% > 5% (Figure 7b and Figure 7c). While a bimodal distribution of nanowire
width was observed for samples pretreated with 5% and 10% NaOH, the 20% NaOH samples
showed three distinct ranges of nanowire’s width. The majority of silica nanowires width found
in samples impregnated in 5% NaOH was in the range from 0.08 um to 0.3 um and from 0.3 um
to 0.6 um whereas for 10% NaOH the nanowire width was found mostly in bigger range 0.3 um
— 0.6 um and 0.6 um — 1 um (Figure 7). For 3D printed SiC discs pretreated with 20% NaOH
concentration, the width distribution of the nanowires was 31.75% (0.3 um — 0.6 um), 24.69%
(0.6 pm — 1 um), and 24.10% (1 pum — 4.7 um). The increase in nanowire width ranges (20% >
10% > 5%) is attributed to the presence of a high number of silica droplets on the SiC particles
as shown in Figure 5a. When the number density of silica droplets increases for 10% or 20%
NaOH concentrations, more droplet-droplet coalescence occurred, resulting in an increased
droplet size (Figure 5b). This, in turn, resulted in wider nanowire formation, particularly
pronounced for higher NaOH concentrations suggesting that the width of the nanowire is directly
related to the width of silica droplet. The average nanowire length measurement showed
statistically significant increase in nanowire length, 41 £ 7 um for 20% NaOH compared to 8 +
1.2 um for 5% NaOH or 12.6 = 3.2 um for 10% NaOH. The increase in the nanowire’s length
could be attributed to the increase amount in SiO and Si(OH)4 vapors released from the silica gel

layer [62, 63] and participate in the growth of nanowires.



30

5 10 20
NaOH concentration (%)
60.00%

@0.08 pm - 0.30 pm

m0.30 pm - 0.60 um

@0.60 pm - 1.00 pm

50.00% | 41.79% ®1.00 um - 4.70 pm
43.10

40.00%

30.00% |

20.00% r

% distribution of nanowire width groups

10.00%

0.00%

5 10 20

NaOH concentration (%)

41+ 7.0

—
g
=
=
)
=)
530 | .
2
z e
1) .
g
= 20 *k L
v -
o g
] -
3 L7 12.6+32

10 | af}l.z 7

0 1 1 1

0 5 10 15 20 25

NaOH concentration (%)

Figure 7: Quantitative SEM image analysis obtained from the fractured surface of 3D SiC discs showing the change
in (a) silica nanowire number density (mm-2), (b) % distribution of nanowire width groups, and (c) average length
(um) of the nanowire for 5%, 10% and 20% NaOH concentrations. (*P<0.05, **P<0.01 and ****P<0.0001.)
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2.2.3 Effect of NaOH concentration on the width of the silica bonding zone between SiC
particles

Figure 8 illustrates the average width of the silica bonding zone that fuses SiC particles
together, as measured from SEM micrographs captured on the fractured surface of 3D printed
SiC discs treated with varying NaOH concentrations ranging from 5% to 20%. The result
showed a gradual increase in the average width of the silica bonding zone. Specifically, for
samples impregnated in 5% NaOH, the width increased from 4.87 + 1.94 um to 5.08 £ 1.62 um
for 10% NaOH and further to 5.41 + 2.11 um for 20% NaOH. However, statistical analysis did
not reveal a significant difference. Treating SiC with NaOH breaks the SiC bonds, resulting in
the formation of a silica gel layer enriched in Si-O bonds. This silica layer acts as a binder for the
SiC particles. Samples treated with a higher concentration of NaOH led to a larger amount of
silica layer, contributing to the observed increase in the width of the silica bonding zone along

with increased nanowire growth.
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Figure 8: SEM analysis of fractured surface of 3D printed SiC discs impregnated in (a) 5%, (b) 10%, and (c) 20%
NaOH for 15 mins, heat treated at 550 °C/6 hr followed by heat treatment at 800 °C/2 hr in air environment at a
heating rate of 1 °C/min. The yellow arrows show the silica bonding zone fusing the SiC particles together. (d)
Average bonding zone thickness obtained from quantitative SEM performed for 5%, 10%, and 20% NaOH
concentrations.

2.2.4 Effect of nanowires growth and the width of the silica bonding zone between SiC particles
on compressive strength and modulus of elasticity

Figure 9(a-c) shows the representative stress-strain curves generated from compression
test performed on 3D printed SiC discs impregnated in 5%, 10%, and 20% NaOH for 15 mins,
heat treated at 550 °C/6 hr followed by heat treatment at 800 °C/2 hr. The measurement of
mechanical properties revealed a notable enhancement in compressive strength and compression
modulus of elasticity with increasing NaOH concentration, as illustrated in figure 9(d).
Specifically, compressive strength measurements exhibited a statistically significant (P < 0.005)

increase in the mechanical strength of 11.33 + 2.52 MPa for 3D printed SiC samples (n=7)
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impregnated in 20% NaOH in comparison with samples impregnated in 5% or 10% NaOH and
heat treated at 550 °C/6 hr and 800 °C/2 hr as shown in figure 9(d). The significant improvement
in the strength of the 3D printed SiC discs subjected to higher NaOH concentration can be
attributed to several factors; (i) significant increase in the silica nanowire number density, (ii) the
dimensions of the nanowires facilitating bridging within pores and densification of the material,
and (iii) increase in the width of silica bonding zone, contributing to heightened mechanical

properties.
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Figure 9: (a), (b), and (c) Stress-strain curves of 3D printed SiC discs impregnated in 5%, 10%, and 20% NaOH and
heat treated at 550 °C/6hr and 800 °C/2hr in air environment at a heating rate of 1 °C/min. (d) Mechanical properties
of samples with varying concentrations of NaOH solution. (*P<0.05, ***P<0.001 and ****P<0.0001.)
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2.2.5 Effect of NaOH concentrations on the dimensional stability of the 3D printed discs
However, the dimensional stability analysis of 3D printed SiC samples (n=7)

impregnated in 5%, 10%, and 20% NaOH and subjected to heat treatment at 550 °C/6 hr and 800
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°C/2 hr showed significant change in sample’s diameter and height for 20% NaOH compared to
5% or 10% NaOH (Figure 10). This can be explained by the very fact that NaOH attacks the Si-
C bond and forms silica gel layer on the SiC particle surface and silica gel thickness increases as
the NaOH concentration increases. In our previous study, XRD analysis of SiC discs pretreated
with 20 % NaOH and heat treatment at 800 °C/2 hr showed the formation of a-SiC as the main
phase with the presence of cristobalite phase [62, 63]. Hence, the % amount of cristobalite phase
formation increases as the NaOH concentration increases [64]. The co-efficient of thermal
expansion (CTE) of pure cristobalite (17.5 x 10%/K at 20 — 1000 °C) has huge mismatch with
that of SiC (4.7 x 10%/K at 20 — 700 °C) [108]. This huge mismatch can lead to incompatible
volume change resulting in large deformation of the samples upon cooling. Therefore, the
formation of high quantity of cristobalite phase using 20% NaOH showed large deformation

compared to 5% or 10% NaOH.
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Figure 10: (a) Dimensional stability, and (b) digital image, of 3D printed SiC discs impregnated in 5%, 10%, and
20% NaOH and heat treated at 550 °C/6hr and 800 °C/2hr in air environment at a heating rate of 1 °C/min. (** sign
indicates P<0.01.)
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2.2.6 Effect of NaOH concentrations on the apparent density and porosity of the 3D printed discs

Apparent density and porosity analysis showed a significant (P < 0.005) decreases in the
density and porosity for 3D printed SiC samples (n=7) impregnated in 20% NaOH in comparison
with samples impregnated in 5% or 10% NaOH as shown in Figure 11. The significant reduction
in porosity with respect to NaOH concentration is attributable to the increased nanowire number
density and nanowires’ growth as measured by nanowire length and width which fill up the pore
of the 3D printed SiC discs. Theoretically when the percent porosity decreases, it leads to an
increase in density. However, in this study the opposite trend was found for the density of 3D
printed SiC discs subjected to different NaOH concentration. As the NaOH concentration
increased from 5% to 20%, density of the samples decreased from 2.63 gcm™ to 2.15 gcm®. This
can be explained by the phases present in the sample. As discussed earlier, the phases present in
the sample after heat treatment are a-SiC and cristobalite and the density of pure phases of SiC
and cristobalite are 3.2 gcm™ and 2.65 gcm=. Moreover, as the NaOH concentration increases,
the amount of cristobalite phase present in the sample also increases resulting in a decrease in the

overall density of the sample.
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Figure 11: Comparison of apparent density and apparent porosity % of 3D printed SiC discs impregnated in 5%,
10%, and 20% NaOH concentration respectively for 15 mins and subjected to heat treatment at nucleation
temperature 550 °C/6 hr and sintering temperature at 800 °C/ 2 hr.

Since 3D printed SiC samples impregnated in 20% NaOH concentration demonstrated
low dimensional stability, we have excluded 20% NaOH concentration from further analysis.
Good dimensional stability was found for both 5% and 10% NaOH, however the samples
impregnated in 10% NaOH showed higher strength than 5% NaOH due to the increased number
in silica nanowire density and increased thickness of the bonding zone. Therefore, 10% NaOH
was selected for further analysis related to analyzing the effect of sintering temperature and

dwelling time.

2.2.7 Effect of sintering temperature on the silica nanowire growth
SEM morphological analysis of fractured surface of 3D printed SiC discs impregnated in

10% NaOH for 15 mins and heat treated at 550 °C/6 hr followed by a second heat treatment at
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various sintering temperature ranging from 800 °C/2 hr to 1200 °C/2 hr is shown in Figure 12.
As shown in Figure 12(a-d), number of nanowires present inside the pore of 3D printed SiC disc
and the size of nanowire increased when sintering temperature increased from 800 °C/2 hr to
1100 °C/2 hr. When the sintering temperature was further increased to 1200 °C/2 hr, the number
of nanowires present inside the pore of 3D printed SiC disc and size of nanowire showed a

decrease (Figure 12e).
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Figure 12: SEM analysis of fractured surface of 3D printed SiC discs impregnated in 10 % NaOH for 15 mins, heat
treated at 550 C/6hr and sintered at (a) 800 °C/2 hr, (b) 900 °C/2 hr, (c) 1000 °C/2 hr, (d) 1100 °C/2 hr, and (e) 1200
°C/2 hr in air environment at a heating rate of 1 °C/min.

As Figure 12 showed that the number of nanowires present inside the pore of 3D SiC
increased when sintering temperature was increased to 1100 °C and then decreased as the
temperature was raised to 1200 °C, was confirmed by the quantitative SEM image analysis

performed on the fractured surface of 3D SiC discs as shown in Figure 13a. Nanowire number
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density (mm2) measurement showed a gradual increase with respect to sintering temperature
from 800 °C to 1100 °C and showed highest number density of 49698 + 6767 mm at 1100 °C/2
hr. The goal of this thesis is to find the required post processing parameters for optimum
nanowire growth and number density. Therefore, the sample heat treated at 1200 °C/2 hr was
excluded from the quantitative SEM image analysis for measuring the nanowire width and length
at various sintering temperatures since at 1200 °C nanowire number density decreased as shown
in Figure 13a. Interestingly, the % distribution of nanowire width groups showed same size
distribution for sintering temperatures varying from 800 °C to 1100 °C (Figure 13b). The
majority of nanowires were found in 0.3 um — 0.6 um width groups. This analysis revealed that
the nanowire width is independent of post processing parameters rather it is directly related to
the size of the droplets. To confirm the above claim droplet size analysis was performed as
shown in Figure 14. The average nanowire length measurement showed a linear increase in
nanowire length from 12.6 + 3.2 um at 800 °C to 20.5 + 3.2 um at 1100 °C (Figure 13c). The
increase in the nanowire’s length could be attributed to the increased oxidation of the SiO with
the increase in sintering temperature and its subsequent condensation as SiO2 molecules. The TG
analysis for 10% NaOH concentration showed a large weight again in the temperature range
from 861 °C to 1100 °C as discussed in section 3.1. The noticeable weight gain with the rising
temperature of the SiC discs suggests the dominant effect of oxidation. This signifies that the
oxidation process of SiO, along with the subsequent condensation into silica (SiO2) nanowires,

played a significant role in the observed weight gain.
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Figure 13: Quantitative SEM image analysis obtained from the fractured surface of 3D SiC discs showing the
change in (a) silica nanowire number density (mm-2), (b) % distribution of nanowire width groups, and (c) length of
the nanowire for different sintering temperatures at 800 °C, 900 °C, 1000 °C, and 1100 °C for 2hr. (** sign indicates
P<0.01.)
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Figure 14(a and b) show the SEM images for 3D printed SiC discs impregnated in 10 %
NaOH for 15 mins and heat treated at 525 °C/20 mins and 600 °C/20 mins. As shown in Figure
14(a and b) various sizes and shapes of silica droplets were found. At 525 °C the width of the
droplets appears to be smaller than the droplets formed at 600 °C. At 600 °C due to increase in
the thermal energy fusion of multiple droplets led to the formation of larger droplets which is
evident by the presence of concave structures in the SEM image (Figure 14) suggesting the
merging region of two adjacent droplets. As expected, the quantitative SEM image analysis
(Figure 14c) for droplets size distribution measurement showed good agreement with the above
observation. Sample heat treated at 600 °C, majority of droplets were found in bigger size range
from 0.3 um to 0.6 um and from 0.6 pum to 1 um whereas at 525 °C range varied from 0.08 pum
to 0.3 um and from 0.3 um to 0.6 um as shown in Figure 14c. The % distribution of droplets size
groups at 600 °C showed similar size distribution as nanowire width groups found at different
sintering temperatures as shown in Figure 13b. These measurement analyses suggest that the

width of nanowires was directly related to the size of the silica droplets (Figure 14c).
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Figure 14: 3D printed SiC disc impregnated in 10% NaOH and heat treated at different temperatures; (a) 525 °C/20
mins, (b) 600 °C/20 mins SEM photographs, and (c) % distribution of droplet size groups obtained for 525 °C/20
mins, and 600 °C/20 mins. The yellow arrows show the merging of droplets into bigger droplets.

It was found from this study that the optimum post processing temperature for 3D printed
SiC disc green body was 1100 °C for 10% NaOH concentration which facilitated nucleation and
growth of secondary crystals at the SiC grain boundaries and enhanced densification of the

sample. Therefore, to analyze the effect of dwelling time on nanowire growth and mechanical
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properties, post processing was performed on 3D printed SiC disc impregnated in 10% NaOH

and sintering temperature was kept constant at 1100 °C while varying the dwelling time.

2.2.8 Effect of dwelling time on the silica nanowire growth

SEM morphological analysis of fractured surface of 3D printed SiC discs impregnated in
10% NaOH for 15 mins and heat treated at 550 °C/6 hr followed by a second heat treatment at
1100 °C for different dwelling times such as 2 hr, 4 hr, 6 hr, and 8 hr is shown Figure 15. As
shown in Figure 15(a and b) the number of nanowires present inside the pore of 3D printed SiC
disc and the length of the nanowires increased bridging the pores inside the SiC particles when
dwelling time increased from 2 hr to 4 hr at 1100 °C. On the other hand, when the dwelling time
was further increased to 6 hr or 8 hr at 1100 °C, the number of nanowires present inside the pore

of 3D printed SiC disc as well as length of nanowire showed decrease (Figure 15(c and d)).
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Figure 15: SEM analysis of fractured surface of 3D printed SiC discs impregnated in 10% NaOH for 15 mins, heat

treated at 550 °C/6 hr and sintered at 1100 °C for (a)2 hr, (b)4 hr, ()6 hr, and (d)8 hr in air environment at a heating
rate of 1 °C/min.

Figure 16 shows the quantitative SEM image analysis performed on the fractured surface
of 3D SiC discs impregnated in 10% NaOH showing the change in silica nanowire number
density (mm), % distribution of nanowire width groups, and average length of the nanowire at
550 °C/6hr and 1100 °C for 2 hr, 4 hr, 6 hr, and 8 hr. Figure 16a demonstrates that the nanowire
number density (mm2) measured at 1100 °C/4 hr is significantly higher than that of sample
treated, at 1100 °C/2 hr, and 1100 °C/8 hr. Moreover, the sample treated at 1100 °C/6 hr showed
a decrease in nanowire number density (51704 + 6853 mm2) compared to 1100 °C/4 hr (55431 +
9232 mm2). However, the difference is not statistically significant. The quantitative SEM image
analysis for measuring the nanowire width and length at different dwelling times was performed

only for sample treated at 1100 °C/2 hr and 1100 °C/4 hr since 1100 °C/6 hr and 1100 °C/8 hr
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showed decrease in nanowire number density (mm-2) as shown in Figure 16a. The % distribution
for nanowire width groups analysis for sample treated at 1100 °C/4 hr showed a significant
14.47% increase in number of nanowires in the width range from 0.08 um — 0.3 um and 5.34%
and 6.55% decrease in the width range from 0.3 pum — 0.6 um and 0.6 pum — 1 um respectively
compared to sample treated at 1100 °C/2 hr (Figure 16b). The increase in the number of narrow
nanowire and decrease in the wider nanowire number present in the sample as the dwelling time
increased, can be attributed to transformation of new droplets into nanowire due to increased
thermal energy and partial melting of the wider nanowire due to prolong heat treatment duration.
On the other hand, the average nanowire length measured for sample treated at 1100 °C/4 hr
showed a significant increase in nanowire length from 20.5 £ 3.2 um at 1100 °C/2 hr to 25.6 +
3.3 um as shown in Figure 16c¢. This is due to the longer oxidation process which generated more
SiO2 molecules that were readily available for deposition on the nanowire top surface resulted in

the increased length of the nanowire.
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Figure 16: Quantitative SEM image analysis obtained from the fractured surface of 3D SiC discs showing the
change in (a) silica nanowire number density (mm-2), (b) % distribution of nanowire width groups, and (c) length of
the nanowire for various dwelling times; 2 hr, 4 hr, 6 hr, and 8 hr at 1100 °C. (*P<0.05, **P<0.01 and

****P<0,0001.)
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2.2.9 Compressive strength measurement

Figure 17 presents a comparative analysis of the average compressive strength,
compression modulus of elasticity, and dimensional stability of 3D printed SiC discs. These discs
were impregnated in 10% NaOH concentration for 15 minutes and then subjected to heat
treatment at the nucleation temperature, 550 °C/6 hr, and various sintering temperatures: 800
°C/2 hr, 900 °C/2 hr, 1000 °C/2 hr, 1100 °C/2 hr, and 1100 °C/4 hr in an air environment with a
heating rate of 1 °C/min. In this investigation, compressive strength and compression modulus of
elasticity measurements exhibited a significant (P < 0.03) increase for samples subjected to heat
treatment at 1100 °C/4 hr compared to those treated at various other sintering temperatures
(Figure 17a). Furthermore, dimensional stability analysis revealed comparable stability among
all the samples (Figure 17b). Notably, the dimensional stability of discs prepared using silica gel-
coated SiC particles represents a substantial advantage over traditional sintering methods, which
are prone to disc shrinkage due to grain boundary fusion and weight loss from carbon burning at
elevated temperatures [109]. On the other hand, the pre-formation of a silica gel layer on SiC
surfaces guided the oxidation mechanism to grow silica nanowires on the SiC surface, filling the
pores and increasing strength while maintaining dimensional stability. Another plausible
explanation for the enhanced mechanical properties could be the improved diffusion of the silica
layer, facilitated by sodium, leading to better bonding between SiC particles. However, the
observed dimensional stability at higher temperatures suggests a minimal role of particle fusion

in the strengthening mechanism.
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Figure 17: Comparison of (a) average compressive strength and (b) dimensional stability of 3D printed SiC discs
impregnated in 10% NaOH concentration for 15 mins and subjected to heat treatment at nucleation temperature 550
°C/6 hr and various sintering temperature and time, 800 °C/ 2 hr, 900 °C/2 hr, 1000 °C/2 hr, 1100 °C/2 hr, and 1100
°C/4 hr in air environment at a heating rate of 1 °C/min. (* sign indicates p<0.05.)

2.2.10 Density and porosity (%) measurements

Figure 18 depicts the comparison of apparent density and apparent open porosity % of 3D
printed SiC discs impregnated in 10% NaOH concentration for 15 mins and subjected to heat
treatment at nucleation temperature 550 °C/6 hr and various sintering temperatures, 800 °C/ 2 hr,
900 °C/2 hr, 1000 °C/2 hr, 1100 °C/2 hr, and 1100 °C/4 hr in air environment at a heating rate of
1 °C/min. The apparent density calculations revealed that as the sintering temperature increased
from 800 °C to 1100 °C, apparent density decreased gradually. The samples impregnated in 10%
NaOH heat treated at 550°C/6 h and 800 °C/ 2 hr showed the highest densities of all the samples,
with density value of 2.52 gcm™. As the sintering temperature increased to 900 °C, apparent
density decreased to 2.49 gcm and both 1000 °C and 1100 °C for 2 hr heat treatment showed a
comparable density value of 2.31 gcm™. The samples heat treated at 1100 °C/4 hr showed a
significantly smaller density of 2.27 gcm™ compared to all other samples due to increased
amount of cristobalite phase formation. The apparent open porosity calculations showed a similar
trend as the density. The strength of the 3D printed samples increased as the porosity of the

sample decreased. The samples impregnated in 10% NaOH heat treated at 550°C/6 h and 800
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°C/2 hr showed the highest apparent porosity of 49.37% whereas samples treated at 1100 °C/4 hr

showed significantly low apparent open porosity of 38.32%.
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Figure 18: Comparison of apparent density and apparent porosity % of 3D printed SiC discs impregnated in 10%
NaOH concentration for 15 mins and subjected to heat treatment at nucleation temperature 550 °C/6 hr and various
sintering temperature 800 °C/ 2 hr, 900 °C/2 hr, 1000 °C/2 hr, 1100 °C/2 hr, and 1100 °C/4 hr in air environment at a

heating rate of 1 °C/min. (* sign indicates p<0.05.)
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CHAPTER 3: SILICA NANOWIRE GROWTH MECHANISM AND GROWTH

MODEL

3.1 Silica Nanowire Growth Mechanism

Figure 19 shows the SEM analysis showing the growth of silica nanowires inside the
pores of SiC discs (5 mm diameter x4 mm length) pretreated with 20 % NaOH and thermally
treated at (a) 525 °C/15 mins, (b) 800 °C/15 mins, and (c) 1100 °C/30 mins respectively. At 525
°C EDX analysis showed that the silica droplets formed from the silica gel layer are oxygen
deficient as shown in Figure 20. At the early stage of droplet formation, the silica structure is
amorphous and becomes rich in hydroxyl (OH") ions. At 800 °C the droplets grow into
nanowires as seen in Figure 19b. As the heat treatment temperature is raised to 1100 °C the

length of the nanowires increases (Figure 19c).
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Figure 19: SEM images of the fracture surface of 3D SiC porous discs pretreated with 20% NaOH showing the
formation of (a) silica droplets (nuclei) on the surface of SiC particles formed at 525 °C/15 mins, (b) small silica
nanowires formation after treatment at 800 °C/15 mins, (c) long nanowires growth after treatment at 1100 °C/30
mins.

Spot C atomic Siatomic Na atomic O Atomic

Y% % % Y%
1 35.43 52.47 1.34 10.77
2 21.75 66.78 0.72 10.75
3 32.18 58.36 0.61 8.85
4 34.30 57.14 0.71 7.84

e

Figure 20: SEM fracture surface analysis of the 3D SiC discs pretreated with 20% NaOH and heat treated at 525
°C/15 mins showing the EDX elemental composition of silica droplets (spots 1, 2, 3, and 4) formed on the SiC
particle surface.

Figure 21 shows SEM images at higher magnifications of fractured surface of 3D printed

SiC discs that were impregnated in 10% NaOH/15 min and heat treated at (a) 800 °C/15 min and
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(b) 1100 °C/30 min. More silica crystals and droplets appeared on the surface of the pores with
the presence of few nanowires at the grain boundaries as seen in Figure 21a. This implies that in
the initial stage of nanowire formation, the presence of defects on the SiC surface makes a
preferential high energy active site for nanowires formation. At 1100 °C longer nanowires were
observed (Figure 21b). It was difficult to identify the grain boundaries at high temperature due to

the increase of thickness of the oxide layer.
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Figure 21: SEM images of the fracture surface of 3D printed SiC porous discs. (a) Presence of silica crystals in the
absence of surface defects (black circle) and (b) silica nanowire formation along the grain boundaries (black
arrows).

Data in the literature indicated that nanowires could grow by vapor-liquid-solid (VLS)
[110-116] growth mechanism which make use of a molten catalyst droplet for axial growth or
vapor-solid (VS) growth mechanism [117-123] which is a non-catalyst growth. The vapor-liquid-
solid (VLS) method, introduced by Wagner [110] in the mid-1960s for producing Si microwires,
has become a highly utilized and effective approach for growing high-quality 1D semiconductor
structures. This technique employs catalytic metal nanoparticles, commonly gold Au [110, 124],
but also other metals such as Ti [112], Fe [125], Ag [126], Cu [127], Co [128], Ni [129], Ga

[130, 131], Al [131], etc., act as catalysts by absorbing and dissolving the semiconductor vapor
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to form a liquid alloy to accommodate vapor precursors, form seeds, and guide growth, allowing
for selective control over the site, orientation, dimension, and morphology of the nanowires. In
the VS mechanism, semiconductor material vapor reacts directly with a solid substrate, usually a
crystalline seed particle or substrate, to form nanowires or nanostructures [120-123]. Unlike the
VLS mechanism, there is no liquid phase or foreign catalyst involved in the growth process. The
semiconductor vapor condenses directly onto the solid substrate, leading to the nucleation and
growth of one-dimensional nanostructures. The resulting nanostructures exhibit characteristics

determined by the substrate and growth conditions.

In the present study, an oxidation step at room temperature is initiated by mixing SiC
particles with NaOH solution. The NaOH treatment breaks the Si—C bond, releasing the free
silanol groups (Si(OH),, n = 1-4) that subsequently form a silica gel layer on the material
surface. The generation of silanol groups is facilitated by the low electronegativity of Si,
promoting bonding with hydroxyl ions (OH) and resulting in the formation of silanol groups

(Si(OH)4) along with the release of free carbon, as indicated by the eq (3).

SiC+40H~ — Si(OH), +C" 3)
Heating the 3D printed SiC discs at 525 °C results in the formation of silica droplets on
the inner walls of the SiC pores (Figure 19). These droplets serve as nucleation sites for silica
nanowire growth. As the heat treatment continues, up to 700 °C he silanol groups undergoes
condensation of the hydroxyl groups that leads to elimination of water (H20) molecules and

formation of Si-O-Si siloxane bridges to form silica layer (SiO.) according to the eq (4),

Si(OH),(s) + Si(OH), (s) — 2Si0, (s) + 4H,0(g) (4)
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EDX analysis (Figure 20) revealed that the silica droplets exhibit oxygen deficiency. The
oxygen deficiency of the silica droplets renders them a high energy sites for further reaction.
Previous work from our lab [62, 63] demonstrated the release of SiO and Si(OH)4 vapor upon
heating porous 3D SiC discs, pretreated with 20 % NaOH, at 500 °C/25 min. SiO vapor was
generated alongside CO, as carbon atoms compete with the Si atoms for oxygen, inducing a
redox reaction that resulted in the partial reduction of the silica layer (SiO2) through the

involvement of incoming carbon, as described by the eq (5),

Si0,(s) +C~ — SiO(g) +CO(g) )
Motivated by the oxygen concentration gradient the silica nanowires grow upward
towards the open space inside the pore. It is worth mentioning that the outer tip of the growing
nanowires does not show the initial round droplet that formed at 525 °C suggesting direct
condensation of various evaporated molecules on the active surface of the droplet. As the heat
treatment continued from 700 °C to 1100 °C, SiO, molecules formed simultaneously due to
reaction between SiO vapor and oxygen molecules from air according to eq (6) and reaction

between two Si(OH)4 vapor and released water vapor according to eq (7),

2Si0 (g)+0,(g) — 2SiO,(s) (6)
Si(OH),(g)+Si(OH),(g) — 2Si0,(s) +4H,0(9) ()
Figure 22 shows the schematic growth of the nanowire nucleation and growth of silica
(Si0O2) nanowire by following the VS mechanism inside the pore of 3D printed SiC disc, (a)

Droplet formation, (b) Deposition of SiO> molecules and growth of nanowire, and (c)

consumptions of the reactants due to the growth of the nanowire.
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Figure 22: Scheme of nucleation and growth of silica (SiO2) nanowire by VS mechanism inside the pore of 3D
printed SiC disc. (a) Droplet formation, (b) Deposition of SiO, molecules and growth of nanowire, and (c)
consumptions of the reactants due to the growth of the nanowire.

The above nanowire growth mechanism inside SiC pores is supported by several studies
which indicated that that highlight the reactivity of SiO gas molecules, along with (SiO)2 and
(SiO)s oligomers, with oxygen molecules. This reactivity leads to the formation of a linear
(SiO2)n structure [132-134]. SEM analysis of nanowires after thermal treatment showed a
continuous increase in the length of the nanowires without noticeable change in the width. This
is attributed to the high energy of the tip of the nanowires due to lack of bonding of the tip atoms
with the maximum nearest neighbors. The side Si-O-Si moiety in the cyclic structure of the
nanowire are already bonded with maximum nearest neighbor (Figure 23), so they have less
motivation to react with vapor molecules inside the pore. It was found that the nanowire width

was similar to that of the droplet size.
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Figure 23: Schematic of a growing silica (SiO2) nanowire on the SiC particle surface showing the bonded side
surface of the nanowire and open bonds on the top surface as an active surface for nanowire growth.

Therefore, the modeling efforts will focus on the growth of silica nanowire length via
chemical reactions involved in the formation of silica molecules and deposition of these
molecules. The primary purpose of the models is to study the effect that the post processing
parameters have on the growth of silica nanowire which fills the pore of 3D printed SiC disc and,
therefore, provides strength for the additively manufactured parts. The process parameters of
primary importance are the NaOH concentration, and the sintering time-temperature profile. We
focus our attention on the chemical reactions happening inside the pore of the SiC disc as
described in the above chemical reactions for silica nanowire growth. In this model, it was
assumed that 50% of silanol groups reacted to form silica layer according to above eq (2) and
50% released inside the pore of the 3D SiC disc as Si(OH)s vapor and contributes into nanowire

growth which be discussed later.

3.2 Reaction kinetics
In the context of chemical reactions, the law of mass action for elementary reactions
establishes that the rate of a reaction is directly proportional to the powers of the concentrations

of the reacting species [135]. However, when dealing with more complex reactions, researchers
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often resort to simplified kinetic models. In such models, the powers may not precisely match the
stoichiometric coefficients of the reacting species and are frequently determined through
experimental investigation [136, 137]. In our case, we adopt a simplification by considering each
chemical reaction as a one-step, irreversible process, represented by eq (1-5). This simplification
involves treating each reaction as first order in both reactants. [102, 135, 138]. The reaction rates
(K;) exhibit a strong dependence on temperature, a relationship that can be elucidated through
the inclusion of an Arrhenius term in the model. This Arrhenius term captures the exponential
dependence of reaction rates on temperature and is formulated in a manner that involves the
activation energy of the reaction. The Arrhenius equation is commonly employed in chemical

Kinetics to describe how the rate of a reaction changes with temperature. It is expressed as:

E, ®)
Ki(T)erxp(—R—T'],

where A is a pre-exponential constant, E, is the activation energy of the reaction, T is the
sintering temperature, R = 8.314 J.molK is the universal gas constant, and i is the reaction

number varying as i=1,2,3,4,5.

System of ordinary differential equations (ODES) for reaction given by equation 3 can be

represented as,

_ %9a
d(;% - _K1CSiCCOH— o
dC_ 9%b
%% == K1CSiCCOH— )
dc (9¢)

Si(OH),
T = K1C5icCOH—
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dC _ (9d)
dtc :K1C3icc

OH™
where % represents the change of concentration with respect to time for the reactants i.e., Cq.

and C_,,. and products C and C__.

Si(OH),

Similarly for system of ordinary differential equations for the remaining chemical

reactions shown in equations (4-7) can be given as:

For equation 4:

1 dCyqom), ke ¢ (10a)
2 dt 2Si(OH), “Si(OH),
1dCg, (10b)

2 dt ZKZCSi(OH)ACSi(OH)A

]_dCHZO (10c)
Z dt :KZCSi(OH)ACSi(OH)A

For equation 5:

dC. 11a

ds,[lo2 :_K3C3iozcc— e
dC (11b)
d—f = _K3CSiOZCc*

_ 11c
% = K3C3iozccf (o
dC (11d)

dfo = K3C3iozcc—

For equation 6:
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1dC (12a)
Eﬁ = _K4C3iocoz
dC (12b)
dtOz = _K4CSiOC02
dC,, (12c)
%% = K4CSioCo2
For equation 7:
1 dCg;om), (13a)
E % = _KSCSi(OH )ACSi(OH)A
1dCqq, (13b)
E dt =R Si(OH)4CSi(OH)4
1 dCHZO (13c)
Z dt =R Si(OH)4CSi(OH)4

3.3 Deposition of SiO2 Molecules:
The deposition rate of the SiO, molecules depends on the concentration of SiO>

molecules and temperature according to Hertz-Knudsen equation [91, 97, 139, 140],

S ka (14)
- MSio '
2 \/ 27zm

where Z is the deposition rate of the SiO> molecules, C_, is the SiO2 molecules

sio,

concentration obtained by solving the ODEs given by equations (9-13), k, is the Boltzmann

constant, and m is the molecular weight of SiO, molecule.

Silica nanowire vertical growth rate can be measured as changing its volume during the

introduction of the SiO2 molecules on the top surface of the nanowire.
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r_zq )
dt

where L is the length of nanowire and Q is the volume of single SiO2 molecule.

3.4 Numerical Approach

In this work the forward Euler method was used for solving the system of ODEs given by
equations (9-13). The Forward Euler method is a numerical technique used for approximating the
ODEs. This method is based on the idea of discretizing the time domain and approximating the

derivative of a function using a finite difference.
For a first-order ODE of the form

dy (16)
5~ TLY)

Where, y is the dependent variable, t is the independent variable (time), and f is a

given function, the Forward Euler method updates the solution at each time step using the

following formula:

Yo=Y, +dt-f(y,.t), (17)
where, y, ., is the updated approximation of the solution at the next time step, y, is the

approximation of the solution at the current time step, dt is the step size, representing the size of

the time intervals, and t, is the current time.

The method starts with an initial value y, and iteratively computes the solution at

subsequent time steps using equation (17). Using equation (17) of Forward Euler method,

equation (9a) can be given as
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(CSiC )n+1 = (CSiC )n +dt- f ((CSiC )n ’tn)' (18)
where (Cg ) ,is the SiC concentration at the next time step t.,, (Cgc ) is the SiC
concentration at the current time step t, and t, is the current time. Here the value of

f(Cqc (t,).t,) can be obtained using equation (9a) as,

f((Coc)yota) ==Ki(Csc ), (Co- ). (19)

Hence, the complete set of discretized ODEs representing equation (9) can be given as,

(Cac ) =(Cac ), ~ 0K, (Coc), (o ), (202)
(Con )., =(Cop- ). —4-dt-K;(Cqc), (o ). (20b)
(Caiomr, )., =(Caiomy, ). +t-Ki (Csie), (Cop ). (20c)
(C.o) ,=(Cq ) +dt-K;(Cqc),(Co- ). (20d)

Similarly, discretized version of ODEs given in equations (10-13) can be obtained and are

given in Appendix A.

3.5 Results and discussions of modeling work

This section discusses the results of the model presented in section 3.4. Equations 9 to 13
were solved simultaneously using Forward Euler method by writing a script in MATLAB. The
initial concentrations used for SiC, hydroxyl (OH") ions, and oxygen are given in Table 1. All the

chemical parameters used in the model are given in Table 2.

Figure 24 shows plots of concentrations of reactants and products presented in equation
(3) with respect to time. The value of ‘dt” was 0.005 seconds. The concentration of Si(OH)a4

groups and free carbon formation increased as the hydroxyl (OH") groups from NaOH were
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chemically attacking the SiC particles surface. Furthermore, as the NaOH concentration
increased from 5% to 20 %, the amount of silanol groups formation also increased. The hydroxyl
group and SiC concentration decreased with respect to time and eventually reached zero
resulting in a steady state. Increase in the NaOH concentration also led to the delay in achieving

the steady state.

Table 1: Initial concentrations used in the model.

Initial concentration Value Units
C. 0.00074793 No of moles
SiC,0
For 5% NaOH, C_, , 0.00000214 .
: No of moles
For 10% NaOH, COH'0 0.00000428
For 20% NaOH, COH‘0 0.00000857
C 2 [135] No of moles
0,,0

Table 2: Typical values of parameters used in the model described in chapter 4.

Parameter Value Units
A 1.0 x 103 m?®/(mol?-s)
A, 1.0 x 107 [102] m?®/(mol?-s)
A 1.0 x 10 [138] m?/(mol?-s)
A, 1.0 x 107 [135] m?®/(mol?-s)
A 1.0 x 107 [102] m?®/(mol?-s)
E. 27196 J/mol
E., 94900 [102] J/mol
E., 120000 [138] J/mol
E,, 27196 [135] J/mol
E.. 94900 [102] J/mol
R 8.314 J/(mol - K)
K, 1.3806 x 103 J/K
m 9.96 x 10 [135] Kg
Q 4.536 x 102 [135] m?®
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Figure 24: Plots of concentrations of reactant (a) SiC (red lines), and (b) OH (blue lines) and products Si(OH)4
(green lines) and C (black lines) of equation (3) with respect to time obtained by solving equation (20).

Figure 25 shows plots of concentrations of reactants and products presented in equation
(4) with respect to time. The silanol groups formed after the first reaction react with each other
and goes through dehydroxylation reaction according to equation (4). It forms silica (SiO2) layer
on the SiC particles while releasing water vapor. The SiO, concentration (Figure 25) initially
increases at a fast rate and eventually reaches a steady state value as the Si(OH)4 concentration

goes to zero. The SiO2 concentration during this reaction increases as NaOH concentration

increases.
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Figure 25: Plots of concentrations of reactants Si(OH)4 (red lines) and products SiO- (blue lines) and H2O (green
lines) of equation (4) with respect to time obtained by solving equation (21) given in appendix.

Figure 26 shows plots of concentrations of reactants and products presented in equation
(5) with respect to time. SiO vapor concentration increases as the free carbon generated from
equation (3) reacts with the SiO; layer. In this reaction, the amount of SiO concentration formed
is same as the CO concentration. The steady state is achieved due to the consumption of SiO>

layer. The SiO concentration value is directly proportional to the initial concentration of NaOH.
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Figure 26: Plots of concentrations of reactants SiO; (red lines) and C (blue lines) and products SiO (green lines) and
CO (black lines) of equation (5) with respect to time obtained by solving equation (22) given in appendix.

Figure 27-29) show plots of concentrations of reactants and products presented in
equation (6) with respect to time for sintering temperatures varying from 800 °C to 1100 °C. The
SiO vapor produced from equation (5) reacts with oxygen molecules from air inside the pore of
3D SiC disc and forms the SiO2> molecules according to the equation (6). The SiO concentrations
decreases with respect to time and eventually reachs zero resulting in a steady state. Increase in
the NaOH concentration leads to the delay in achieving the steady state. Furthermore, Figure 27
and 28 show that as temperature increases, SiO and O> concentration reaches the steady state
faster as according to Arrhenius equation reaction rate increases with increasing temperature. The
SiO; concentration reaches a maximum value initially while the reaction occurs (Figure 29), and

it later decreases as SiO> is consumed due to silica nanowire growth.
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Figure 27: Plots of the SiO concentrations from equation (6) with respect to time over the sintering temperatures for
(a) 800 °C, (b) 900 °C, (c) 1000 °C and (d) 1100 °C obtained by solving equation (23) given in appendix.
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Figure 28: Plots of the O, concentrations from equation (6) with respect to time over the sintering temperatures for
(a) 800 °C, (b) 900 °C, (c) 1000 °C and (d) 1100 °C obtained by solving equation (23) given in appendix.
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Figure 29: Plots of SiO, concentrations from equation (6) with respect to time over the sintering temperatures for (a)
800 °C, (b) 900 °C, (c) 1000 °C and (d) 1100 °C obtained by solving equation (23) given in appendix.

Figure 30 and 31 show plots of concentrations of reactants and products presented in

equation (7) with respect to time for sintering temperature varying from 800 °C to 1100 °C. SiO;

concentration reaches a maximum initially while the Si(OH)4 vapor reaction occurs according to

equation (7), and it later decreases as SiO> molecules get deposited for silica nanowire growth.

As the sintering temperature increases, the Si(OH)4 consumes faster and eventually reaches zero

resulting in a steady state, and as the increase in NaOH concentration delays in obtaining steady

state resulting in more SiO2 molecules in the sample.
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Figure 30: Plots of concentrations of product SiO; (blue lines) of equation (7) with respect to time over the sintering
temperatures for (a) 800 °C, (b) 900 °C, (c) 1000 °C and (d) 1100 °C obtained by solving equation (24) given in
appendix.
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Figure 31: Plots of concentrations of reactants Si(OH). (red lines) and product H2O (green lines) of equation (7)
with respect to time over the sintering temperatures for (a) 800 °C, (b) 900 °C, (c) 1000 °C and (d) 1100 °C obtained
by solving equation (24) given in appendix.

Figure 32 shows the variation of nanowire lengths (um) with respect to NaOH

concentration obtained from silica nanowire growth model for 800 °C/2 hr and experimental data

for 800 °C/2 hr. Modeling results show that the length of silica nanowire increases with increase

in the NaOH concentration at 800 °C temperature. Figure 32 shows experimentally measured the

average nanowire length as 8 + 1.2 um for 5% NaOH, 12.6 + 3.2 um 10 % NaOH, and 41 £ 7.0

pm 20% NaOH heat treated at 800 °C/2 hr. It is evident that both model and experimental data

for nanowire length shows good agreement with respect at different NaOH concentration.
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Figure 32: Variation of nanowire lengths (um) with respect to NaOH concentrations obtained from silica hanowire
growth model for 800 °C/2 hr (black line) and experimental data for 800 °C/2 hr (red line).

Figure 33 shows the changes in nanowire lengths (um) with respect to the sintering
temperature (°C) for 10% NaOH concentrations obtained from silica nanowire growth model and
experimental data. The silica nanowire length increases as sintering temperature increases from
800 °C to 1100 °C. The model and experimental data in Figure 33 shows a good agreement.

Results appear to be linear trend with respect to sintering temperature for 10% NaOH.
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Figure 33: Changes in nanowire lengths (um) with respect to sintering temperature (°C) for 10% NaOH (blue line)
concentrations obtained from silica nanowire growth model and for experimental data (black line).

Figure 34 shows the variation of nanowire lengths (um) with respect to sintering
temperature (°C) for different NaOH concentrations obtained from silica nanowire growth model
for 5% NaOH, 10% NaOH, and 20% NaOH. In this figure the growth model predicts change in
nanowire length for 5% NaOH concentration and 20% NaOH concentration. As the NaOH

concentration increases, from 5% to 20%, the slope of curves shown in Figure 34 also increases.
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CHAPTER 4: CONCLUSION

4.1 Conclusion

In this work, the experimental optimization of process parameters for silica nanowire
growth inside the pore of 3D printed SiC discs was investigated. The analysis included
quantitative SEM image analysis and the development of a mathematical growth model. The
goal was to achieve the highest nanowire growth and number density, leading to improved
densification and mechanical properties. The use of DSC and TG analysis aids in understanding
the nucleation and growth of silica nanowires under different conditions. Increasing the NaOH
concentration effectively increased the nanowire number density and size of the nanowire
resulted in densification and strengthening of 3D printed SiC discs. However, when NaOH
concentration was increased to 20%, sample showed very poor dimensional stability compared to
5 and 10% NaOH. Hence, 10% NaOH was found to be the optimum NaOH concentration that
allowed optimal nanowire growth and mechanical performance with good dimensional stability.
The results indicated that increasing sintering temperature resulted in increased nanowire number
density and length of the nanowire while width measurement showed a similar distribution for all
temperatures. Droplets size measurement gathered at 600 °C showed same distribution as
nanowire width indicating that the nanowire width is directly related to droplets and doesn’t
change with post processing parameters. The optimum sintering temperature and time while
using 10% NaOH was found to be 1100 °C and 4 hr that effectively led optimum nanowire
growth and number density, leading to improved densification and mechanical properties with
good dimensional stability of the 3D printed SiC discs. This work shows a possible roadmap for
obtaining a completely dense 3D printed SiC parts by repeating the post processing treatment

using the optimum parameters found from this study.
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A mathematical model for silica nanowire growth was developed in this work that
accounted for the reaction kinetics to form silica molecules and the subsequent deposition of the
molecules for nanowire growth. Implementation of this model was done in MATLAB using
forward Euler method to solve ODEs. The model developed in this work quantitatively describes
the dependence of the length of silica on the NaOH concentration, sintering temperature, and
time. Qualitative validation was conducted with the help of SEM images obtained via
experimental work. The revealed analytical relation between the nanowire length and the post

processing parameters can be used to optimize the process of silica nanowires formation.

4.2 Future work

In this work, the experimental optimization of post processing parameters successfully
enhanced silica nanowire growth and mitigated the porosity of 3D printed SiC discs, achieving a
porosity level of 38.32%. However, to attain fully dense SiC parts through the Powder Bed
Binder Jet (PBBJ) process, a multi-step post processing procedure is required. Hence, the
implementation of a multi-step post processing protocol needs to be performed, utilizing the

optimal post processing parameters identified in this study.

The mathematical model developed in this study has demonstrated its efficacy in
predicting the relationship between nanowire length and various post processing parameters.
However, it is crucial to note that the model currently overlooks the width of the nanowire.
Experimental observations have indicated that the width of nanowires is governed by the width

of the droplets, a factor not accounted for in the existing model. However, the width of nanowire

wasn’t considered in this model as the experimental work suggested that the droplets width
controls the width of nanowires. Therefore, in order to comprehensively capture the growth

mechanism of silica nanowires, it is essential to incorporate the physics of the nucleation process
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into the model. This refinement will enhance the accuracy and completeness of the model,
providing a more comprehensive understanding of silica nanowire growth. Further development
will be needed in order for model to predict mechanical properties such as strength, density, and

porosity.
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CHAPTER 5: INTRODUCTION

5.1 Challenges of manufacturing SiC

Silicon carbide (SiC) stands out as a highly promising material for a diverse array of
high-temperature applications, encompassing critical components for diesel engines, gas
turbines, industrial heat exchangers, fusion reactor parts, filters designed for elevated
temperature environments, wear-resistant components adaptable to various conditions, medical
implants, and even mirrors tailored for space applications [141-145]. The thermomechanical
properties of SiC are inherently linked to its strong Si—C covalent bond. Nonetheless, a notable
challenge in achieving a dense SiC object lies in its inherent difficulties, specifically low
sinterability and the limited formation of a silica bonding zone between SiC particles through

thermal oxidation, even under high sintering temperatures.

5.2 Mechanism of thermal oxidation of SiC

The process of thermal oxidation leads to the generation of CO gas, which is released into
the air, ultimately leaving a silicon oxide surface layer. This silicon oxide layer contributes to the
partial fusion of SiC particles, giving rise to a porous matrix with compromised mechanical
properties. Attempts to improve the mechanical characteristics of this porous matrix by
increasing the thickness of the silicon oxide layer have faced challenges, primarily attributed to
the poor diffusion coefficient of oxygen within SiC. SiC is a highly covalent material,
approximately 88% of the bonding between Si and C atoms is covalent, with the remaining 12%
being ionic, rendering the diffusion of oxygen atoms into SiC particles difficult without the need
for exceedingly high temperatures with longer dwelling time and ultra-high pressures [146]. For
instance, Nadeau et al. [147] successfully achieved full densification of SiC at 2500 °C and 5

GPa without the use of sintering additives. Moreover, the extended duration of high-temperature
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exposure during thermal oxidation leads to weight losses and abnormal grain growth,

accompanied by the formation of anisotropic a - SiC phase.

5.3 Approaches to overcome difficulty of SiC thermal oxidation
Many efforts have been directed to reduce the SiC sintering temperature using two main

mechanisms: (1) solid phase sintering mechanism and (2) liquid phase sintering mechanism.

5.3.1 Solid phase sintering mechanism

Solid-phase sintering is a process used to consolidate and densify powdered materials
into a solid mass without melting them. It involves heating the powdered material to a
temperature below its melting point, where diffusion of atoms or molecules leads to the
formation of strong bonds between particles. Solid-state sintering allows for the production of
high purity SiC materials with excellent density control. This results in materials with superior
mechanical and thermal properties. However, it also comes with challenges like high-
temperature requirements, longer processing times, limitations on geometric complexity, and
potential brittleness. Solid phase sintering of SiC requires an additive which can reduce the grain
boundary-surface energy ratio of the SiC particles for the purpose of densification process. This
can create a driving force that promotes the movement of particles during the sintering process.
More commonly, additives like boron (B), carbon (C) [148], B4C [149], and Al3BC3 [150] have
been employed in the solid-phase sintering of SiC without the application of external pressure.
However, this method demands extremely high temperatures, often exceeding 2150 °C. Even
with the incorporation of these additives and the elevated sintering temperatures, achieving full
densification of SiC remains challenging. This difficulty arises from Si-C covalent bonding
nature and its low self-diffusion coefficient, which impedes the mass transport mechanism

necessary for achieving complete densification.
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5.3.2 Liquid phase sintering mechanism using mullite

The most preferred sintering approach for SiC is liquid phase sintering, which effectively
addresses the limitations associated with the solid-state sintering method. Liquid phase sintering
is a process for consolidating a powder material by partially melting the substance being
sintered. This partial melting is achieved by introducing a low-melting-point liquid component,
through the use of additives. The presence of this liquid phase significantly enhances mass
transport mechanisms, reducing sintering time and temperatures. As a result, it leads to improved
densification, a uniform microstructure, faster processing rates, and greater control over material
properties compared to solid-phase sintering. Full densification of SiC ceramics can be achieved
through liquid phase sintering by incorporating various metal oxide additives like rare-earth
oxides or by adding substances such as Al203, Y203, CaO, MgO [151-162]. However, it's worth
noting that even with these additives, high temperatures ranging from 1700 to 2100 °C are
required, which can increase the production cost of SiC components immensely and limit their
widespread use. The utilization of oxide additives like SiO2 [163], cordierite
(2Mg0.2Al1,03.5Si0) [164-166], mullite (3Al203.2Si02) [8, 167-174] and glassy phases [175]
has gained a lot of interest. This approach enables the liquid phase sintering of SiC ceramics at
lower temperatures, typically around 1400-1600 °C, which leads to a significant reduction in
manufacturing costs.

Recently, the in-situ mullite liquid phase sintering mechanism has gained increased
attention due to its excellent compatibility with SiC, particularly in comparison to other oxide
additives. Mullite, with a coefficient of thermal expansion (5.3 x 10 /K at 273-1273 K) similar
to SiC (4.7 x 10 /K at 293-973 K) and good chemical compatibility with SiC [176-181], ensures

a strong interfacial bonding between SiC and the mullite phase. Moreover, mullite exhibits high
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oxidation resistance due to its low oxygen diffusion coefficient [171]. Therefore, numerous
studies have concentrated on the in-situ synthesis of the mullite liquid phase at the joints of SiC
particles to enhance adhesion strength between SiC particles, thereby promoting elevated
mechanical strength and improved resistance to thermal shock. Various powders, such as Al>O3,
Al, AIN, and AI(OH)s have been employed to form mullite through reactions with oxidation-
derived SiO2 on the surface of SiC particles [171, 181]. However, the in-situ formation of mullite
by solid reaction between Al>Os and SiO- is constrained by the slow solid diffusion speed of
AlI®*, necessitating prolonged thermal treatment above 1500 °C for completing the mullitization
reaction [182]. Such high temperatures in air lead to excessive oxidation of SiC, diminishing the
thermomechanical properties of the SiC-mullite composite due to the formation of excess of
cristobalite (SiO2) phase, which has lower strength and introduces a significant coefficient of
thermal expansion (CTE) mismatch between SiC (4.7 x 10 /K at 293-973 K) and cristobalite
phase (17.5 x 10 /K at 273-1273 K) [183]. Utilizing Al(OH)s to induce mullite phase formation
in the SiC-mullite composite required temperatures exceeding 1400 °C [184]. However, at this
temperature range, the mullitization reaction remained incomplete, leading to suboptimal
mechanical performance. Subsequent sintering at 1550 °C/6 hr achieved near-complete
mullitization, as evidenced by the disappearance of diffraction peaks related to the aluminum
source. Nevertheless, this process resulted in high-intensity cristobalite diffraction peaks,
presenting challenges in achieving favorable mechanical properties for the composite. The
introduction of sintering aids, such as yttria (Y203) [185] or Y:0s3+CaF. [186], effectively
eliminated the cristobalite phase. However, the elevated sintering temperature (1550 °C/4 hr) led
to poor interfacial adhesion strength between SiC and the mullite phase, resulting in SiC-mullite

composites with compromised mechanical strength and thermal shock resistance.
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5.4 Use of coal ash as a source of mullite

In this study coal fly ash was utilized as the precursor for in-situ mullite phase formation
through a liquid phase sintering mechanism. A finely powdered byproduct of coal combustion in
coal-fired power plants, coal fly ash emerges as a fine and powdery substance. Its incorporation
in the composite formulation aids in reducing the required sintering temperature. The coal ash
powder composition includes approximately 45 wt% a-Al203, 42 wt% SiO2, and various minor
concentrations of metal oxides. These metal oxides played a pivotal role in expediting the
instantaneous formation of mullite on the surface of SiC particles, achieved at a relatively low
temperature (1400 °C/1 hr), thereby promoting a strong interfacial bond between SiC particles.
The gradual variation in aluminum concentration at the interface resulted in the creation of a
functionally graded SiC-mullite composite with exceptional thermomechanical properties. The
study systematically explored the impact of SiC/mullite weight ratios on density, mechanical
properties, and thermal shock resistance. Furthermore, it delved into the influence of thermal
treatment parameters and coal fly ash particle size on the thermomechanical and electrical

properties of the composite.

5.5 Hypothesis
The hypothesis behind this work is that creating a stronger interfacial bond between the
particles through in situ formation of mullite (3Al203.2Si0y) instead of silica layer can lead to

formation SiC composite with high thermomechanical properties.

5.6 Objective
The objective of this part of the work is to examine the role of creating liquid mullite
bonding agent instead of silica layer for achieving denser SiC composite. In the first part,

utilizing optimum growth of silica nanowires and silica layer formation decreased the open
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porosity percentage of 3D printed SiC parts to 38%, which is still substantially high. Therefore,
the second part of the thesis introduces liquid mullite phase sintering of SiC particles with the
goal of creating a denser SiC composite by minimizing the voids between SiC particles and

creating a stronger bonding zone.
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CHAPTER 6: IN SITU MINERALIZATION OF MULLITE BONDING AGENT

FOR SIC COMPOSITE

6.1 Materials and methods

6.1.1 Raw materials

The raw materials utilized in this study included SiC (comprising 40% alpha SiC, 50%
beta SiC, and 10% amorphous SiC) with a particle size ranging from 1 to 40 pm, sourced from
US Research Nanomaterials in Houston, TX. Additionally, coal fly ash powder from Duke

Power, NC, was employed. Deionized water served as a binder during the mixing process.

6.1.2 Disc preparation and processing parameters

6.1.2.1 Effect of sintering temperature

To determine the sintering temperature facilitating the formation and melting of the
mullite phase for filling the interspace between SiC particles, a mixture of SiC and coal fly ash
(at a weight ratio of 90/10) was pressed at 250 MPa. The sample was then heat-treated at
temperatures of 1300 °C, 1400 °C, or 1500 °C for 15 minutes, employing a heating rate of 10
°C/min, followed by overnight cooling. The effect of sintering temperature on the compressive

strength of the composites was subsequently evaluated.

6.1.2.2 Effect of SiC/coal fly ash weight ratio

The influence of the SiC/coal fly ash weight ratio on mechanical strength was examined.
SiC powder was mixed with coal fly ash at weight ratios of 90SiC/10ash, 85SiC/15ash,
80SiC/20ash, and 75SiC/25ash. To create composite discs, the SiC powder was mixed with the
corresponding ratio of coal fly ash for homogeneity. This mixture was then pressed at 250 MPa

for 30 minutes to produce discs of 10 mm diameter x 6 mm height. The discs underwent heating
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at 100 °C for 8 hours and were then ramped to 1400 °C for 15 minutes. The samples were left to
cool to room temperature overnight before assessing mechanical strength.
Since the composition with 85SiC/15ash demonstrated the highest compressive strength,

samples with 90SiC/10ash, 80SiC/20ash, and 85SiC/25ash were excluded from further analyses.

6.1.2.3 Effect of coal fly ash particle size

Coal fly ash underwent ball milling for 5 hours at 200 rpm to achieve a reduced particle
size (< 38 um, Table 4) before mixing with SiC to make discs. before being blended with SiC for
disc formation. Initially, coal fly ash powder was mixed with alumina balls of 5 mm diameter in
a 1:10 ratio, followed by the addition of ethanol (about 20-25% of the mill volume) to ensure
complete soaking of the powder and alumina balls. The resulting slurry was loaded into the
planetary ball mill jar, with 25% of the jar left empty, and milled for 5 hours. Subsequently, the
slurry was dried in an oven at 100 °C for 24 hours. The separated alumina balls were removed
from the dried powder mix, and the powder underwent sieving using a set of ASTM standard
sieves.

Two sets of 85SiC/15ash discs were then prepared, utilizing either coarse or fine coal fly
ash powder, by pressing the mixture at 250 MPa and subjecting it to sintering at 1400 °C for 1
hour. The mechanical strength of these two discs was measured according to the procedure

described below.

6.1.2.4 Effect of dwelling time

To determine the suitable dwelling time for optimal liquid-phase sintering of mullite at
1400 °C without deformation due to excessive melting, three sets of 85SiC/15ash discs were
prepared and tested at 1400 °C with dwelling times of 15 mins, 45 mins, and 1 hr. Mechanical

properties were assessed for these samples.
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6.1.3 Characterization

6.1.3.1 Density measurements

The apparent open porosity (Pa, %) and density (D, g-cm™3) were measured by following
the Archimedes principle, employing a density determination kit (Ohaus, Parsippany, NJ) and a
digital scale (Ohaus, Parsippany, NJ). Pure DI water served as the immersion liquid. The
calculation of apparent density (D) was calculated using Eq. (1) [62],

m, @)

D= D,-D,)+D,,
md_m(O L) L

w

where, m, is the dry mass of the sample in grams (g), m,, is the mass of the saturated
sample in water (g), D, is the density of the DI water (g-cm™), and D, represents the air density

(0.0012 g-cm®). The apparent open porosity was determined through Eq. (2) [187],

p_ m, —m, )

x100%,
ma - mw

where, m, represents saturated sample mass in the air (g).

6.1.3.2 SEM-EDX morphology analysis

The morphology of the sintered discs, encompassing aspects such as particle fusion, grain
boundaries, and porosity, was examined using a JEOL 6480 Scanning Electron Microscope
(SEM) equipped with energy-dispersive X-ray (EDX) analysis. Additionally, SEM-EDX was
used to analyze the fracture mechanism following the mechanical test. SEM-EDX was employed
to investigate the fracture mechanism post-mechanical testing. The microstructural features'
elemental composition was analyzed at 20 kV with a working distance of 10 mm, utilizing an

Oxford Instruments INCA Energy Dispersive Spectroscopy (EDS) system in conjunction with
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the JEOL 6480 SEM. The determination of porosity percentage involved the analysis of 10 SEM

images of the fractured surface using ImageJ software.

6.1.3.3 X-ray diffraction analysis (XRD)

The determination of crystalline phases in the SiC-mullite composite and coal fly ash was
conducted using a PANalytical X’Pert Pro/MRD instrument. The analysis involved scanning
finely crushed powder samples with Cu Ko radiation (wavelength A = 1.54 A). The X-ray
diffractometer utilized a radiation source operating at 45 kV and 40 mA. The incident beam was
contriolled by a 0.25 mm fixed divergence slit, and the diffracted radiation was captured using a
0.1 mm receiving slit. The scanning range encompassed 20 angles from 5° to 90°, and
continuous data collection with a step size of 0.002° was employed.

For phase quantification analysis of the SiC-mullite composite and coal fly ash powder,
Rietveld refinement software MAUD [188] was utilized. The refinement process involved fitting
calculated diffraction patterns to observed data by adjusting parameters describing crystal
structures and peak shapes, as well as scaling factors for each phase. These scaling factors
provided the percentage amount of each phase, normalized relative to all scaling factors and
multiplied by 100. The iterative refinement aimed for the best fit between calculated and
observed diffraction patterns. Statistical R factors obtained by Rietveld analysis were found to be
< 10, indicating good fitting between calculated and observed diffraction patterns. The crystallite
size was calculated using Scherrer’s formula (equation 25) [189]:

 Ki 25)
~ Bcosd’

thl
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where, D, is the crystallite size, K is the Scherrer constant, which is 0.89, and £ is the

full width at half maximum of the diffraction peaks for SiC (006), mullite (210), o cristobalite

(101), and B cristobalite (111), and @ is the Bragg angle.

6.1.3.4 Fourier transform infrared spectroscopy (FTIR)

The SiC-mullite composite powder underwent analysis using FTIR (Fourier Transform
Infrared Spectroscopy) in the diffuse reflectance mode (DRIFT) on a Nicolet 6700 instrument
from Thermo-Nicolet in Madison, WI. This analysis aimed to identify the various chemical

bonds present in the composite.

6.1.3.5 Mechanical testing

The mechanical properties of the thermally treated SiC-mullite composites were assessed
utilizing an Instron 5582 machine at a temperature of 25 °C in an air environment. The samples
underwent compression at a rate of 2 mm/min until failure, and the resulting stress-strain curves

were employed to determine the compressive strength of the composites.

6.1.3.6 Hardness

The hardness of the composite was determined using a Vickers Hardness testing machine
(Wilson Instruments, 402MVD). A pyramid-shaped diamond indenter with an applied load of
2.9 N (300 gf) and a dwelling time of 15 s was used for indentation. Indentations were made at
10 different locations on the sample (85SiC/15ash), and their mean and standard deviation were

calculated. The Hardness value HV (GPa) was calculated using the formula in equation (26):

26
HV =1.854, )
d

a

where, P is the applied load in Kg, d, is the average of the indented diagonals in mm.
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6.1.3.7 Modulus of elasticity

Nanoindentation was conducted at 25 °C on polished surfaces of the composites using a
Berkovich diamond tip on a Nanolndenter (Agilent G200, USA). Continuous stiffness measuring
(CSM) mode was applied with a maximum depth of 600 nm and a strain rate of 0.05 s™*. For
each distinct phase (SiC and mullite) of the composite in sample 85SiC/15ash, at least 10 indents
were applied, and the modulus of elasticity was automatically calculated according to the
standards of instrumented indentation (Oliver—Pharr method). Calibration of the indenter was
conducted prior to the measurement by measuring Young’s modulus and hardness of a silica

standard.

6.1.4 Thermal shock resistance

The SiC-mullite discs were subjected to heating at 1400 °C for 15 mins to achieve
thermal equilibrium, followed by quenching in liquid nitrogen (LN) at -196 °C for 10 mins, in
accordance with the ASTM standard for quenching (ASTM:C1525-18). The discs were then
removed from the LN and placed on an alumina plate at 25 °C. Subsequent analyses were
performed to assess the dimensions, structure, and mechanical properties of the discs both before
and after quenching. The thermal shock resistance experiment was conducted twice on two

different sets of samples, and the results were averaged for accuracy.

6.1.5 Electrical and thermal properties measurement

The direct current (DC) electrical conductivity was evaluated from 25 °C to 1000 °C in
an air atmosphere on SiC-mullite disks (sample 85SiC/15ash) using the four-point probe method.
A conductive paste electrode was applied to the specimen surfaces before positioning it between
two potentiostat meshes. Subsequently, the potentiostat meshes were connected with the ends of

cell cables, and the sample setup was subjected to a temperature ramp from room temperature to
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1000 °C within a tube furnace. Electrical conductivity measurements were conducted at every
100 °C increment.

For thermal characterization, the thermal diffusivity and specific heat capacity were
measured at temperatures of -100, 0, 100, 300, 600, 900, and 1000 °C using the laser flash
method with a NETZSCH LFA 467 HT HyperFlashTM instrument [178]. The thermal
conductivity was subsequently calculated using the formula provided in Eq. (27)

A=paC,, (27)

where, pis the density, «is the thermal diffusivity, and C_ is the calculated specific

heat value. The thermal expansion coefficient was determined using a NETZSCH DIL 402SU,
with the test conducted over the temperature range from -100 °C to 100 °C at a heating rate of 2

°C/min.

6.1.6 Statistical analysis
Statistical analysis of mean differences was conducted using One-Way ANOVA test with
Tukey’s HSD test for multiple comparisons. A significance level of p < 0.05 was applied to

determine statistical significance.
6.2 Results

6.2.1 Phase composition and microstructure of the composite

The phase composition analysis of coal fly ash powder and the SiC-mullite composite
(sample 85SiC/15ash) sintered at 1400 °C/lhr is presented in Figure 35, with corresponding
weight percentages of different phases detailed in Table 3. It can be seen from the analysis that
the coal fly ash powder is composed of corundum (a-Al20O3) and quartz (SiO2), mullite
(3AI203.2Si03), and haematite (Fe203) phases. For coal fly ash, the d-spacing for the (104) plane

was shifted to a lower value from 2.55126 (PDF) to 2.55033 (XRD) due to shift between
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observed and known position of a-Al203z (104) peak (35.147° 20 PDF card 04-014-1368). The
coal fly ash used in this study is categorized as Class F, primarily due to its elevated silica
content, approaching 50%. Class F coal fly ash typically contains minimal calcium oxide (CaO),
usually less than 5%. Literature data indicate that under conditions of high temperature and
pressure, Ca®* can incorporate into the alumina structure [190]. Thus, alumina exists as a solid
solution due to the incorporation of Ca?* ions during the formation of coal ash at an extremely
high temperature, approximately 2500 °C, within the energy station. The XRD analysis of the
SiC-mullite composite reveals the presence of SiC 6H, mullite (3A1.03.2Si03), and B cristobalite
(SiO2), with a complete absence of a-Al.Oz confirming the successful formation of in-situ
mullite in the SiC-mullite composite. Additionally, the mullite phase content increased from 0.8
wt% in coal fly ash to 11.4 wt% in the SiC-mullite, as the composite was formulated through the

blending of 85 wt% SiC with 15 wt% coal fly ash. This quantitative analysis is detailed in Table

3.
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Figure 35: (a) The X-ray diffraction analysis of the coal fly ash powder sample reveals distinctive signals
corresponding to crystalline phases, including corundum (a-Al>O3) solid solution and quartz (SiO.), mullite
(3Al,03.2Si0,), and haematite (Fe,Os) phases. (b) Following heat treatment at 1400 °C/1hr, the X-ray diffraction
pattern of the 85SiC/15ash sample exhibits characteristic signals of SiC 6H, mullite (3Al,03.2Si0O>) solid solution,
and P cristobalite (SiO) solid solution [191].
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Table 3: Quantitative assessment of different crystalline phases in coal fly ash and SiC-mullite (sample
85SiC/15ash), formed at 1400 °C/1hr, was computed by analyzing the peak intensity of their characteristic peaks
[191].

Compositions  Phase Content (wt%) Phase Content (wt%) in 85SiC/15ash Phase Content  (wt%) in

in Coal Fly Ash sample before sintering 85SiC/15ash sample after sintering
a-Al>Os 456+4.2 6.8+ 0.6 0
Mullite 5311 0.8+0.1 11405
Haematite 71+03 1.1+0.04 0
B quartz 422+05 6.3+0.1 0
B cristobalite 0 0 6.8+0.2
SiC 0 85 81.8

Figure 36 demonstrates the uniform distribution of diverse microstructures in the SiC-
mullite composite. Strong interconnectivity is observed among the large SiC particles, facilitated
by a liquid mullite phase, while concurrently, a silica layer forms in close proximity to the

surfaces of the SiC particles.

15kU X486 Sim

Figure 36: SEM-BSC images of the polished surface of SiC-mullite (85SiC/15ash samples) after heat treatment at
1400 °C/1hr reveal that the outer surface of SiC is coated with a SiO2 layer (indicated by the orange arrow), and the
bonding between SiC particles is facilitated by the mullite phase (highlighted by the yellow arrow) [191].

EDX analysis (Figure 37) of spots A and B reveals the presence of Si and C only,

indicating the presence of SiC particles. Spots C and D exhibit the presence of Al and O in
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addition to Si, with a complete absence of carbon, suggesting the presence of mullite in the
interspace between SiC particles. Spot E indicates the presence of a silicon oxide zone
immediately at the surface of SiC, consistent with the microstructural distribution observed in
Figure 36. Another notable observation is the gradual increase in Al atomic percentage from
4.17% at the boundary of the SiC particle (spot F) to 7.52% at the mullite interphase (spot G),

suggesting an Al concentration gradient.

(®)
Spot C atomic  Siatomic Al atomic O atomic
% % % %

A 53.6 46.4

B 44.15 55.85

C 37.55 7.69 54.75
D 50.23 8.09 41.68
E 52.03 45.61 2.36
F 47.83 28.68 4.17 19.32
G 43.25 7.52 49.23

Figure 37: (a) Fracture analysis using SEM of SiC-mullite (85SiC/15ash samples) after heating at 1400 °C/1hr and
(b) Elemental composition analysis using EDX, indicating the main phases (spots A, B, C, and D) and showcasing
the gradual increase in Al concentrations (spots F and G) within the composite [191].

In Figure 38 the schematic illustrates the generation of a mullite bonding layer between
two SiC particles, highlighting the ionic diffusion of AI** into the silica layer. This process

creates a concentration gradient between the SiC and mullite phase.
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Figure 38: The schematic illustration depicting the formation of secondary mullite phase between SiC particles
during the sintering process [191].

6.2.2 Mechanical properties measurement
6.2.2.1 Compressive strength

6.2.2.1.1 Effect of sintering temperature on the compressive strength

Figure 39a illustrates that the mechanical strength of the 90SiC/10ash sample, treated at
1400 °C/15 mins, is significantly superior to samples subjected to heat treatments at 1300 °C/15
mins (P < 0.004) or 1500 °C/15 mins (P < 0.035). Conversely, the 90SiC/10ash sample treated at
1500 °C exhibited higher strength than that treated at 1300 °C; however, this difference did not

reach statistical significance.



95

(a) (b)

300 350
P<0.035 P <0.0035
250 | 223+ 16 300 - - 267 +20
= 247+18
- 17724+ 22 1985182 | F
& S 250 |
5200 S
5 2 200 | 178 £ 16
g 2
£ 150 E
: 2150 ¢
% " g 100
n. |-
g :
50 b &)
50
‘ ' 0 s .
© 1300 °C/ 15 mins 1400 °C/15 mins 1500 °C/15 mins () 90SiC/10ash  85SiC/15ash  80SiC/20ash  75SiC/25ash
500 500
450 '—143“*20 P 437£ 15 43420
o 400 ¢ § 400 |
B
g 3501 < 350 +
< 267 £20 ®
% 300 1 £ 300
g -
£ 250 ?250 |
2] .;
£ 200 | %o |
:
2 1350 I
g g 150
S 100 oo |
50 ol
’ I 0 . .
858iC/15ash 85SiC/15Ball-milled ash T A o~

Figure 39: Mechanical properties of (a) cylindrical samples with a composition of 90SiC/10ash, pressed at 250
MPa/30 min and sintered at various temperatures for 15 min, (b) Samples with different weight percentages of
SiCl/coal fly ash ratios; namely, 90SiC/10ash, 85SiC/15ash, 80SiC/20ash, and 75SiC/25ash, pressed at 250 MPa/30
min and heated treated at 1400 °C/15 min, (c) Samples of 85SiC/15ash, both ball-milled and non-ball-milled,
pressed at 250 MPa/30 min and heat-treated at 1400 °C/1hr, and (d) Samples of 85SiC/15ash pressed at 250 MPa/30
min and heat treated at 1400 °C for 15 mins, 45 mins, and 1 hr [191].

6.2.2.1.2 Effect of SiC/coal fly ash weight ratio on the compressive strength

In Figure 39b, the compressive strength of SiC-mullite composites, fabricated with
varying percentages of coal fly ash powder (samples: 90SiC/10ash, 85SiC/15ash, 80SiC/20ash,
and 75SiC/25ash), is depicted. The average compressive strength exhibited a notable increase in

the sequence 85SiC/15ash > 80SiC/20ash > 90SiC/10ash > 75SiC/25ash.
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6.2.2.1.3. Effect of coal fly ash particle size on the compressive strength

To investigate the influence of coal fly ash powder particle size on the mechanical
strength of the SiC-mullite composite (sample 85SiC/15ash), the ash powder was subjected to
ball milling, resulting in a reduced particle size of < 38 um. The particle size analysis was
conducted using a set of ASTM standard sieves, and Table 4 provides an overview of the
approximate particle size of the coal fly ash powder before and after ball milling. The
mechanical strength of samples prepared using the fine ash powder was measured and compared

to that of samples prepared with coarse coal fly ash powder, as illustrated in Figure 39c.

Table 4: Particle size distribution of coal fly ash powder determined through a sieving process [191].

Particle size, P (um) Before ball milling (wt%) After ball milling (wt%)
P<38 31.74 % 100 %
45>P>38 55% 00 %
90> P>45 20 % 00 %
150 >P>90 15.6 % 00 %
250>P>150 11.2% 00 %
425 >P>250 16 % 00 %

6.2.2.1.1 Effect of dwelling time on the compressive strength

Figure 39d illustrates that the mechanical strength of sample 85SiC/15ash treated at 1400
°C/45 mins (437 £ 15 MPa) is slightly higher than the samples treated at 1400 °C/15 mins (431
21 MPa) and 1400 °C/1 hr (434 £ 20 MPa). However, this difference does not reach statistical
significance. Considering the uniformity of the sintering process observed in the sample, the

optimal dwelling time was determined to be 1 hr at 1400 °C.

6.2.2.2 Hardness and nanoindentation elastic modulus
Figure 40 presents the nanoindentation elastic modulus measurement of SiC and mullite
phases. To mitigate the influence of surface effects during measurements, the modulus of

elasticity was computed at a depth ranging from 300 to 400 nm. Statistical analysis for SiC
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particles within the SiC-mullite composite revealed consistent values of the modulus of elasticity
in the depth ranges of 300-350 nm and 350-400 nm (Figure 41). Specifically, the calculated
modulus of elasticity for SiC at 350 nm depth was 410 + 23 GPa. Similarly, for the mullite
bonding zone, statistical analysis indicated consistent values of the modulus of elasticity in the
depth range of 300-350 nm (Figure 41), with the modulus of elasticity for the mullite phase

calculated at 350 nm being 196 + 21 GPa.
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Figure 40: Nanoindentation results depicting the relationship between indentation modulus and indentation depth for
(a) SiC phase and (b) mullite phase in the SiC-mullite composite [191].
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Figure 41: Nanoindentation results illustrating the relationship between indentation modulus and indentation depth
for SiC particles (a) and the mullite phase (b) during testing of the SiC-mullite composite [191].

The elastic modulus of the composite can be determined employing a straightforward rule
of mixtures, expressed as,
E, =VgcEgc +Vy Ey (28)
where, E,, E. (410 £ 23 GPa), and E,, (196 + 21 GPa) denote the nanoindentation

elastic modulus of the SiC-mullite composite, SiC, and mullite phase, respectively. Additionally,

V. (81.73 %) and V,,(18.26 %) represent the volume fraction of the SiC and mullite phases

within the composite. Through this formula, the modulus of elasticity for the SiC-mullite

composite at an indentation depth of 350 nm was calculated to be 370.9 + 22.6 GPa..

6.2.3 Density and porosity (%) measurements
Table 5 presents the apparent density of the SiC-mullite composite, determined through
the Archimedes principle, alongside the theoretical density calculated using a rule of mixtures

based on the actual density of each pure phase: SiC (40% alpha SiC, 50% beta SiC, and 10%
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amorphous SiC: 3.12 g.cm-3), mullite (2.23 g.cm-3), and cristobalite (2.35 g.cm-3). The
observed apparent density of the composite is noted to be 79% of the theoretical density.
Porosity measurements, conducted using both Archimedes principles and SEM image analysis,

reveal low porosity values of 3% and 8.2%, respectively.

Table 5: The density and porosity data for the SiC-mullite composite are summarized in the table below [191].

SiC-mullite Apparent Density Theoretical Density Apparent open porosity Porosity (%)
composite (g-cm™) (g-cm™) (%) (SEM image
(Archimedes principle) (Rule of mixtures) (Archimedes principle) analysis)
2.36 2.98 3 8.2

6.2.4 SEM-EDX morphology analysis of fracture surface

In Figure 42, distinctive brittle transcrystalline fracture characteristics are evident,
including cleavage marks (indicated by blue arrows) resulting from the propagation path of
cracks. These cracks traverse along the cross-section of the grain, halting at the periphery of a
pore surface (highlighted by yellow arrows). Notably, the smoothness of the pore surface is
attributed to the formation of mullite through the liquid phase sintering mechanism. Additionally,
observations include crack deflection (encircled in white) and crack branching (encircled in blue)

within the mullite phase.

-
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Figure 42: SEM examination of the fracture morphology in SiC-mullite (85SiC/15ash samples) heat treated at 1400
°C/1hr reveals various fracture characteristics observed on the sample's fracture surface [191].
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6.2.5 Thermal shock resistance

Mechanical tests revealed comparable compressive strength for the 85SiC/15ash
composite both before (434 + 20 MPa) and after (439 + 34 MPa) exposure to thermal shock from
1400 °C/15 min to -196 °C in liquid nitrogen, as illustrated in Figure 43. Moreover, there was no
significant alteration in the dimensions of the samples (with a sample size of n = 6) before (10.16
+ 0.004 mm diameter x 5.75 + 0.04 mm height) and after (10.18 = 0.01 mm diameter x 5.75 +

0.04 mm height) the thermal shock, confirming the dimensional stability of the composite.
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Figure 43: Evaluation of compressive strength for SiC-mullite discs before and after thermal shock [191].

6.2.6 Phase Analysis of SiC-mullite composite before and after thermal shock

The XRD analysis shown in Figure 44a reveals that, following heat treatment at 1400
°C/1h, the SiC-mullite composite (sample 85SiC/15ash) consists of 81.8 wt% SiC 6H, 11.4 £ 0.5
wt% mullite, and 6.8 = 0.2 wt% J cristobalite (refer to Table 6). Subsequent XRD analysis in
Figure 44b of the quenched samples indicates the presence of 80.7 + 7.6 wt% SiC 6H, 11.8 £ 4.7

wt% mullite, and 7.5 + 0.83 wt% a cristobalite (Table 6). Table 6 also provides lattice parameters
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for SiC, mullite, and cristobalite phases within the composite before and after quenching. The

obtained statistical R factors from Rietveld analysis are < 10, indicating a good fit between the

experimental and calculated spectra.
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Figure 44: Crystalline phases of SiC-mullite composite following heat treatment at 1400 °C/lhr: (a) prior to
quenching, and (b) after quenching in liquid nitrogen [191].

Table 6: Utilizing the MAUD diffraction analysis software, Rietveld refinement was employed to determine the
phase composition and structural parameters of the SiC-mullite composite both before and after quenching based on
the corresponding XRD data showed in table below [191].

SiC- Crystalline Crystallite ICDD # d d Lattice parameters (A) Volume
mullite  phase content size (A) spacing  spacing b c (A3
Sample (Wt%) (PDF) (XRD)

Before  81.8 wt% SiC 413 04-010- 2516 2516 3.081 3.081 15119 124.34
thermal 6H 5698

shock 11.4 wt% 622 04-008- 3.405 3385 7547 7.693  2.882 168.17
mullite 9532

6.8 wt% P 198 04-007- 4116 4.061 7.091 7.091 7.091 362.47
cristobalite 2468

After 80.7 wt% SiC 539 04-010- 2516 2516 3.080 3.080 15117 124.34
thermal 6H 5698
shock 11.8 wt% 592 04-008- 3.405 3.386  7.543 7.692  2.883 168.17

mullite 9532
7.5 wt% o 159 04-007- 3976 4.064 5016 6.919 6.784 163.42
cristobalite 2134
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6.2.7 FTIR Analysis SiC-mullite composite before and after thermal shock

Figure 45 illustrates the FTIR spectra for SiC-mullite before and after quenching in the
range of 400-1650 cm™. Additionally, Figure 46 provides a Gaussian fit for the wavenumbers
within the 800-1270 cm™ and 400-800 cm ranges for samples both before and after quenching.
In the quenched sample, new peaks at 1151 cm™, and 1067 cm™ for the Si-O-Si group were
observed, attributed to the transformation of B to o cristobalite phase, a finding confirmed by
XRD analysis. The peaks observed in the wavenumber range of 900 to 950 cm™ are associated
with Si-O-Al and Al-O stretching [192]. Within the middle region, the band spanning from 700
to 800 cm™ is attributed to Si-O symmetrical stretching vibration within the silicate structure
[193]. The lower frequency band vibration at 480 cm™ is a result of Si-O-Si bending modes
[193], and the band at 436 cm™ corresponds to Al-O vibration [194]. Consequently, the vibration
bands of mullite exhibit overlap with SiO. in both the high-frequency (1200 and 900 cm™)
region and low-frequency regions (750 and 400 cm™). The absorption peaks at 1183 and 1115
cm are assigned to Si-O stretching vibration of SiO4 [195, 196], as well as the peak at 728 cm?,
which is assigned to AlO4 stretching [197], representing the fundamental bands of the mullite
phase. The peak observed at 1550 cm™ is characteristic of Si-C stretching, while the peak
centered at 1620 cm™ indicates C=0 stretching [101]. A novel peak identified at 888 cm™ in the
quenched sample can be ascribed to Si-N stretching, along with C-O and Al-O, possibly formed
due to the absorption of nitrogen during the thermal shock process in liquid nitrogen [101, 198].
The peak at 775 cm™ corresponds to Si-O stretching. Additionally, absorbance bands at 620 and
480 cm™ are characteristic peaks of the cristobalite phase[193]. The functional groups

corresponding to each band in the FTIR spectra for the samples were assigned in (Table 7).
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Figure 45: FTIR analysis of 85SiC/15ash composite discs after heat treatment at 1400 °C for 1 hour, depicting the
spectra before and after quenching in liquid nitrogen [191].
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Table 7: Identification and assignment of absorption bands in the FTIR spectra for the SiC-mullite composite

(sample 85SiC/15ash) both before and after quenching [191].

Before quenching

After quenching

Wavenumber (cm)

Assignments

Wavenumber (cm?)

Assignments

1620

1550

1183

1115

1027

993

942

770

728

627

502

467

C=0 stretching

Si-C stretching

Si-O-Si stretching vibration
of SiOy

Si-O-Al stretching, AlO4

Asymmetric in-plane Si-O-Si
stretching vibration

Si-O-Al stretching, Al-O
stretching

Si-O symmetric stretching

AlQ, stretching

Si-O-Si out-of-plane
vibration

Si-O-Si bending

Si-O-Si deformation
vibration

1618

1550

1190

1151

1108

1067

1033

995

953

934

888

772

716

627

484

436

C=0 stretching

Si-C stretching

Si-O-Si stretching
vibration of SiO4

Si-O Stretching

Si-O-Al stretching, AlO4

Si-O-Si, Si-O stretching

Asymmetric in-plane Si-
O-Si stretching vibration

Si-O-Al stretching, Al-O
stretching

Si-N stretching, C-O
stretching

Si-O symmetric stretching

AlQ, stretching

Si-O-Si out-of-plane
vibration

Si-O-Si bending

AlOs
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6.2.8 Electrical and thermal properties of the SiC-mullite composite

Figure 47a illustrates the electrical conductivity of the SiC-mullite composite, measured
across a temperature range from 0 °C to 1000 °C. The electrical conductivity of the SiC-mullite
composite began to rise at approximately 400 °C, showing an increase from 1.38 x 10 at 400

°C t0 3.48 x 10 Sm™* at 1000 °C.
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Figure 47: (a) Variation in the electrical conductivity of the SiC-mullite composite at different temperatures.
Temperature-dependent trends for (b) specific heat capacity, (c) thermal diffusivity, (d) thermal conductivity, and (e)
coefficient of thermal expansion (CTE) of the SiC-mullite composite [191].

The specific heat capacity of the SiC-mullite composite, as depicted in Figure 47b,
exhibited a continuous increase from 0.341 to 1.56 J.(g.K)™* as the temperature rose from -100 °C

to 1000 °C. Conversely, thermal diffusivity (Figure 47¢) demonstrated a decrease from 19.8 to
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3.55 mm?/s within the same temperature range. Initial heating from -100 °C to 100 °C led to an
increase in thermal conductivity (Figure 47d) from 14.1 to 17 W.(m.K)?, followed by a
continuous decrease to 11.5 W.(m.K)* as the temperature reached 1000 °C.

The thermal expansion coefficient (a) of SiC-mullite composite was determined using
Eq. (29)

AL/ L, (29)
AT

o=

Here, AL is the difference in length, L, is the initial length, and AT is the difference in

temperature. The thermal expansion co-efficient, presented in Figure 47e, exhibited a linear
increase from 3.17 x 107"/K to 5.615 x 10 /K as the SiC-mullite sample was heated from 182 K

to 354 K.

6.3 Discussions

The study findings reveal that the in-situ mineralization of mullite has yielded a dense
SiC-mullite composite characterized by high thermomechanical properties. The incorporation of
15 wt% coal ash with an Al20s/SiO> ratio of 8.5 to 85 wt% SiC led to the formation of a SiC-
mullite composite containing 11.4 wt % mullite phase with an Al>03/SiO; ratio of 1.5 after
thermal treatment at 1400 °C for 1h. The SiO2 required for the mullite phase formation was
provided by the oxidation product of SiC during thermal treatment. The use of a high thermal
treatment temperature induced a liquid phase sintering mechanism, filling the interspaces
between SiC particles with the mullite phase. Evidence from Energy Dispersive X-ray (EDX)
analysis indicates Al ion diffusion into the silicon oxide layer during heat treatment resulted in a

strong interfacial bond. This bond significantly enhanced the thermal conductivity and

mechanical properties of the material: a thermal conductivity of 17 W/m.K at 100 °C, a
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compression strength of 434 £ 20 MPa, a nano indentation modulus of elasticity of 370.9 + 22.6
GPa, and Vicker’s hardness of 11.5 £ 1.2 GPa. Thermal shock resistance tests demonstrated
minimal changes in dimensions, emphasizing the material's high stability in terms of mechanical
strength. The superior thermomechanical stability of the SiC-mullite composite can be attributed
to the low and comparable thermal expansion coefficients, coupled with the high stiffness of the
composite components. Enhanced thermal and electrical conductivity arise from the transition of
entrapped iron ions from the hematite phase in coal ash within the interstitial space of the mullite
and cristobalite solid solutions. The observed increase in electrical conductivity with temperature
is linked to increased vacancies facilitating atomic mobility of oxygen and minor cations. Taken
all together, the SiC-mullite preparation method outlined in this study has resulted in a material
with promising engineering applications, including use as semiconductors, gas filters, diesel
motor parts, gas turbines, industrial heat exchangers, fusion reactor components, and high-

temperature energy exchanger systems.

The investigation employed SEM-EDX and XRD techniques to scrutinize the structural
characteristics and phase composition of the SiC composite following diverse thermal treatments
and mechanical assessments. XRD analysis (Figure 35a) of coal fly ash it was found that the 15
wt% ash powder used in this work is composed of 6.8 = 0.6 wt % a-Al.0z and 6.3 £ 0.1 wt %
quartz (SiO2), 0.8 £ 0.1 wt % mullite (3A1203.2Si02), and 1.1 £ 0.04 wt % haematite (Fe203).
After sintering of the 85% SiC-15% coal ash at 1400 °C/1lhr, XRD analysis showed the phase
composition SiC and mullite with complete absence of a-Al.Oz (Figure 35b). Considering the
coal ash's low SiO> content (8.6), which is insufficient to transform the a-Al>Oz present in the
coal ash into mullite, it is anticipated that the majority of the SiO oxidation product of SiC is

responsible for formation of mullite as per equation (30),



109

3AL0, +2Si0, — 3Al,0,.2Si0, (30)

This is further supported by a 3.2 wt% reduction in the concentration of the SiC
component in the SiC-mullite composite. The XRD analysis revealed a shift in the d-spacing of
the (210) plane of mullite and the (101) plane of cristobalite phases, indicating the formation of a
solid solution, likely due to the diffusion of Fe®*2* ions into the two phases during thermal
treatment. Indeed, the XRD analysis of the SiC-mullite composite did not exhibit any signals of
haematite (Fe20O3) present in the coal fly ash. Literature data indicates that mullite typically melts
at approximately 1880 °C under metastable conditions [199]. However, in our study, the in-situ
formation of mullite and its subsequent melting occurred at a lower temperature (1400 °C). The
reduced formation temperature of mullite is attributed to Fe3*”?* jons completely entering the
mullite structure through solid solution formation. Several studies have reported that iron can
dissolve into the mullite structure [200-202]. These investigations suggest that iron, specifically
the Fe®* cation with an ionic radius of 0.0065 nm, is larger compared to the AI** cation with an
ionic radius of 0.0054 nm. At high temperatures, these Fe** ions are inclined to occupy the AlOs

octahedral sites within mullite, forming a stable solid solution [202].

SEM-EDX analysis (Figure 36) of the fracture surface illustrates the fusion of SiC
particles by the mullite phase. Elemental analysis using EDX (Figure 37) revealed an Al
concentration gradient at the mullite-SiC interface. This gradient is attributed to the diffusion of
A" jon into the SiO, oxidation product on SiC surface (Figure 38). The liquid phase sintering
mechanism, at 1400 °C, reduced the diffusion distance, facilitating the in-situ formation of
mullite. Mullite structures are known to accommodate a wide range of SiO./ Al,Oz ratios [182].
Consequently, the gradual variation in Al concentration at the interface promotes a functionally

graded SiC-mullite composite, wherein the mechanical and thermal properties vary gradually
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across the bonding zone between components. Moreover, under the application of mechanical
stresses, the smooth transduction of the mechanical signal across the interface between SiC and
mullite minimizes stress concentration at the grain boundaries. Therefore, the creation of a
functionally graded SiC-mullite is responsible for retaining the high thermal and mechanical

stability of the composite after thermal shock.

Mechanical tests revealed that the compressive strength of the SiC-mullite composite is
influenced by several key parameters: (i) thermal treatment temperature (1300-1500 °C), (ii)
SiC/coal fly ash weight ratio, and (iii) coal fly ash particle size as shown in Figure 39(a-d).
Literature data indicate that the optimal formation and densification of the mullite phase occur in
the temperature range of 1400-1600 °C [171, 181-183]. The notable increase in strength (p <
0.004) for samples treated at 1400 °C compared to those treated at 1300 °C can be attributed to
the enhanced mineralization of the mullite phase, which facilitates bonding between SiC
particles. The relatively lower mechanical strength of samples treated at 1500 °C compared to
those treated at 1400 °C may be attributed to increased cristobalite formation, which has lower
mechanical strength than SiC and mullite, and partial melting of the silica. As the percentage of
coal ash increased from 10 to 15%, the compressive strength increased from 223 + 16 MPa to
267 + 20 MPa. This significant strength increase is attributed to the higher percentage of mullite
in the composite, as coal ash serves as a source of Al,Os. However, as the coal fly ash percentage
increased to 20% or 25 wt%, the compressive strength of the composite decreased. Since SiC is
the strongest phase present in the SiC-mullite composite, the decrease in its concentration is
responsible for the decline in compressive strength. A similar decrease in SiC composite strength
was observed in another study when the wt% of SiC fell below 85% [203]. The compressive

strength of the SiC-mullite composite nearly doubled when the coal ash particle size was reduced
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below 38 um. The enhanced mechanical strength is attributed to the increased intergranular
contact surface area between particles, which efficiently expedited the mullitization reaction,
enhanced liquid phase formation, and reduced porosity. This aligns with literature data showing
that decreasing the particle size of coal fly ash to 58 um enhances the formation of the mullite
phase compared to coarser fly ash [197]. The compressive strength of the SiC-mullite composite
increased from 431 + 21 MPa to 437 = 15 MPa when the dwelling time was increased from 15
mins to 45 mins; however, the strength of the composites decreased to 434 + 20 MPa as the
dwelling time increased to 1 hr. Although the changes in compressive strength are not
statistically significant due to the homogeneity of the sintering process, an optimal dwelling time
of 1 hr at 1400 °C was selected. Therefore, the SiC-mullite composite, prepared by mixing at a
ratio of 85 wt% SiC/15 wt% coal fly ash of particle size < 38 um, pressed at 250 MPa/30 mins,
and treated at 1400 °C/1 hr, exhibited a compressive strength of 434 + 20 MPa, a
nanoindentation modulus of elasticity of 370.9 + 22.6 GPa, and Vickers hardness of 11.5 + 1.2
GPa. Fracture surface morphology revealed crack deflection and crack branching in the mullite
phase, indicative of a strong interfacial bonding zone. The interaction between cracks and pores
was also observed, wherein a crack may be arrested or deflected due to the presence of
micropores. This is advantageous for relieving stress concentration and achieving higher
mechanical performance. The apparent density of the composite was found to be 2.36 g.cm™,
while the theoretical density was calculated to be 2.98 g.cm™. Hence, the apparent density is
approximately 79% of the theoretical density. SEM image analysis showed 8.2 £ 1.7% porosity,
and apparent open porosity using Archimedes' principle was found to be 3%. The low porosity of
the SiC-mullite composite is attributed to the mullite liquid-phase sintering mechanism, which

filled the interspace among the SiC particles.
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The exceptional thermal shock resistance observed in our SiC-mullite composite can be
attributed to several key factors: (i) low and comparable coefficients of thermal expansion (CTE)
values for the constituent phases, (ii) a strong interphase bond, (iii) compositional stability at
high temperatures, and (iv) low porosity. The composite retained both its mechanical strength
and dimensions after rapid quenching from 1400 °C to -196 °C in liquid nitrogen (Figure 43).
The CTE of mullite (5.3 x 10° /K at 273-1273 K) is comparable to that of SiC (4.7 x 10 /K at
293-973 K), facilitating uniform expansion and contraction during heating and quenching,
respectively. This similarity reduces interfacial shear stress between the two phases, as evidenced
by the prevalence of a transgranular fracture mechanism (Figure 42). Analysis of the fracture
surface through FTIR (Figure 45 and Figure 46) revealed distinctive bands corresponding to Si-
0O-Si, Si-0, Si-C, Al-O, and Si-O-Al, representing the three phases within the composite and
providing strong evidence of transgranular fracture. The CTE of pure cristobalite is 17.5 x 10®
/K at 273-1273 K, but the diffusion of Al ions is recognized for increasing density and reducing
the CTE of silica [204]. Moreover, XRD analysis (Figure 44a) of the SiC-mullite composite
reveals a 6.8 £ 0.2 phase % J cristobalite. The minimal presence of cristobalite in the composite,
coupled with Al diffusion, mitigates the impact of cristobalite on the final CTE. The overall CTE
value for the SiC-mullite composite was found to be relatively low (3.17 x 10”7 /K at 182 K and
5.615 x 10 /K at 354 K). Although XRD analysis (Figure 44b) indicates 1% decrease in the SiC
phase after quenching, this minimal reduction does not any affect the mechanical strength of the
composite, as demonstrated in (Figure 43). Previous research, as documented in the literature,
has reported a substantial reduction, close to 30%, in the weight percentage of the SiC phase
after sintering a mixture comprising SiC, AlI(OH)s, Y203, and CaF; to in situ form mullite-

bonded porous SiC at 1550 °C for 4 hours [186] This notable decrease in SiC weight is primarily
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attributed to the oxidation of carbon, resulting in its release as CO or CO,. Concomitant with the
30% SiC loss, there was a formation of a 30.5 wt% mullite phase [186]. While no cristobalite
phase was observed in that study, there was a substantial 75% reduction in the strength and
thermal stability of the composite after undergoing thermal shock from 800 °C to 20 °C. A
similar decline of 70% in flexural strength was noted after quenching mullite-bonded porous SiC
ceramics containing 3.0 wt% Y»03 from 1200 °C to 20 °C in water [185]. The compromise in
mechanical strength is attributed to the formation of microcracks induced by thermal stresses at
the interface between phases. The extensive formation of microcracks, coupled with an increase
in crack length as the temperature difference escalates during the thermal shock test,
compromised the residual strength of the material. Additionally, the introduction of Y203 led to
the formation of a glass phase, facilitating the debonding of phases within the composite. Han et
al employed a composition consisting of 4 wt % mullite fibers, 79 wt % SiC, 15 wt % activated
carbon, and 2 % zirconia, which was sintered in air at 1450 °C for 4 hr to produce mullite fiber-
reinforced SiC porous ceramics [187]. Zirconia served as a sintering aid, facilitating a reduction
in the heat treatment temperature. During the process, mullite fibers reacted with the cristobalite
phase present on the SiC surface through oxidation, transforming into acicular mullite crystals
within the neck of the pore. The formation of acicular mullite required elevated temperatures and
an extended duration, resulting in excessive oxidation of SiC particles and promoting the
generation of microcracks in the composite due to the high concentration of cristobalite.
Consequently, a substantial decrease in bending strength was observed when the ceramics were
rapidly cooled in water from 800 °C [187]. Additionally, it has been reported that thermally
oxidized bonded porous SiC ceramics exhibited a similar decrease in mechanical strength upon

quenching [12, 164]. The thermomechanical stability exhibited by the mullite-bonded SiC in our
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study surpasses that of other SiC composites, including those formulated with SiC-ZrB;-HfB:

and SiC-ZrBr; or SiC-carbon nanotube CNT) [205, 206].

Analysis of crystal size using X-ray diffraction (XRD) spectra revealed an increase in the
size of SiC crystallites from 413 to 539 A after quenching (Table 6). This increase in SiC
crystallite size can be attributed to induced crystal growth during the recrystallization process,
which occurred when the discs were reheated at 1400 °C for 15 minutes before quenching. The
recrystallization mechanism is believed to transpire through the diffusion of carbon atoms into
the silicon decomposed from SiC at high temperatures. Indeed, a reduction in the percentage of
the SiC phase from 84.1% to 80.7% was observed after quenching. This decline in the SiC
percentage was accompanied by an elevation in the silica phase from 4.5% to 7.5%, attributed to
SiC oxidation. The silica layer forming on the surface of SiC particles is rich in Si and deficient
in oxygen [62, 63]. These findings indicate that the recrystallization process occurs through the
diffusion of released carbon into the oxygen-deficient silica phase at the interface with the SiC
particle, leading to the growth of SiC crystals. This is supported by the absence of a carbon
characteristic signal in the XRD spectrum. A comparable increase in SiC crystallite size, from 16
A to 1500 A at 1400 °C, was documented in the synthesis of SiC powder from organosilane
[207]. The observed augmentation in SiC crystallite size aligns well with the enlargement of disc
dimensions, evidenced by a 20 um increase in disc diameter after thermal shock. Conversely, the
reduction in the crystallite size of cristobalite results from the transformation of B to a
cristobalite. Other studies have similarly noted a decrease in crystallite size during the phase

transformation of quartz to cristobalite, from 67.27 nm to 41.47 nm at 1200 °C [208].

The electrical conductivity of the SiC-mullite composite in our study is governed by the

proportion and distribution of semiconductive SiC and dielectric mullite phases, in addition to
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the presence of iron ions in the interstitial space. As the temperature increases, the electric
conductivity of the SiC-mullite composite also increases. Below 400 °C, the relatively low
electrical conductivity is attributed to the poor conductive nature of both SiC and mullite phases
(Figure 47a). During this temperature range, the ceramic's low conductivity is linked to the
sluggish phonon transition [209]. The electrical conductivity of the SiC-mullite composite
exhibits a notable increase from 1.38 x 10* at 400 °C to 3.48 x 102 Sm™ at 1000 °C. Malki et al.
have documented a distinction in the electrical conductivity of single crystal mullite, noting a
low-temperature range (LTR) of conductivity up to to 900°C (average conductivity = 5.4910 38 x
107 Sm™ at 550 °C) and a high-temperature range (HTR) above = 900°C (average conductivity =
1.2 x 10° Sm™ at 1400°C) [210]. At elevated temperatures, the rise in mullite's electrical
conductivity is attributed to the hopping of oxygen atoms. This process involves linking the
tetrahedra of the tetrahedral double chains in the aluminosilicates towards adjacent oxygen
vacancies, accompanied by associated structural rearrangements [210]. The overall increase in
electrical conductivity can be attributed to several factors. Initially, the transition of entrapped
iron ions within the interstitial space of the mullite and cristobalite solid solution plays a role.
Subsequently, the thermal excitation of a substantial number of electrons at higher temperatures
leads to their transition from the Fermi to the conduction levels in the SiC phase. Additionally,
the hopping of oxygen atoms in the mullite phase towards oxygen vacancies contributes to the

heightened electrical conductivity at elevated temperatures.

The observed decline in thermal diffusivity in the SiC-mullite composite with increasing
temperature is fundamentally linked to the rise in phonon frequency or phonon vibration
amplitude. This increase in phonon amplitude is directly associated with the elevation of specific

heat, consequently leading to a reduction in thermal diffusivity [211]. The thermal conductivity
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of the SiC-mullite composite (Figure 47d) exhibited a continuous decrease from 17 to 11.5
W.(m.K)? as the temperature rose to 1000 °C. This decline in thermal conductivity at elevated
temperatures is attributed to the heightened amplitude of thermal vibration, which, in turn,
increases the collision frequency of phonons, resulting in a constrained phonon mean free path
length [212]. The thermal conductivity of the SiC-mullite composite prepared in our study (17
W/m.K at 100 °C) surpasses that reported for other materials, such as 4.8 W.(m.K)* for SiC-
mullite-Al,O3 composite [213] and 9.62 W.(m.K)™ for SiC-mullite composite composed of 68
wt% SiC (61 pm), 17 wt% SiC (20 pm), 8.49 wt% AI(OH)s and 6.51 wt% Suzhou kaolin [203].
These studies have linked the decrease in thermal conductivity to the porosity (24.64% - 29.26%)
present in these composites, contributing to an increase in interface resistance. The presence of
pores in the samples is likely to result in fewer phonon mean free paths, causing increased
thermal energy loss during transmission and, consequently, a reduction in thermal conductivity.
In contrast, the high thermal conductivity observed in our SiC-mullite composite can be
attributed to the low porosity (8.2 = 1.7%) achieved through liquid phase sintering, limiting
phonon scattering and leading to an increased phonon mean free path length. Parchoviansky
observed a substantial 76% decline in thermal conductivity during the heating of composites
consisting of 80 wt% Al>03-20 wt% SiC composites from 0 to 1000 °C. This reduction was
attributed to the development of internal stresses between the alumina matrix and SiC, arising
from a thermal expansion coefficient mismatch [214]. In our study, the comparable thermal
expansion coefficients between SiC and mullite, along with a concentration gradient of Al ions in
the bonding zone, effectively modulated the transition of thermal conductivity and enhanced high
thermal stability. This synergistic effect is responsible for the relatively low (32%) decrease in

thermal conductivity observed at 1000 °C in our SiC-mullite composite.
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CHAPTER 7: CONCLUSION

7.1 Conclusion

In this work, a SiC-mullite thermal material was synthesized through the innovative
technique of in situ mullite liquid phase sintering, utilizing coal fly ash as an alumina source. The
strong interfacial bond between SiC and mullite, coupled with the composite's notable
mechanical strength, dimensional stability, and resistance to thermal shock, can be attributed to
the reaction between alumina in the coal fly ash and the silica layer forming on SiC during
sintering. The gradual variation in Al concentration at the interface further contributes to these
enhanced properties. The relatively lower formation temperature and in situ melting of mullite
are facilitated by the presence of minor metal oxides, particularly haematite, in the coal fly ash.
The incorporation of haematite into the mullite structure forms a solid solution, thereby
improving electrical properties and thermal conductivity. The composite's low porosity (8.2%)
and the similar thermal expansion coefficients of SiC and mullite phases collectively contribute
to its high thermal conductivity. In conclusion, the mullite-bonded SiC composite exhibits
promising potential for diverse high-temperature applications, including semiconductors, gas
filters, diesel engine components, gas turbines, industrial heat exchangers, fusion reactor parts,
and high-temperature energy exchanger systems. This work demonstrated that instead of silica
layer, in situ mullite bonding agent can be utilized in additive manufacturing of SiC in the

powder bed binder jet for achieving a dense SiC parts with high thermomechanical properties.

7.2 Future work
This work successfully demonstrated the possibility of utilizing an in-situ mullite
bonding agent, rather than a silica layer, in the additive manufacturing of SiC through the powder

bed binder jet process, in order to form dense SiC parts with superior thermomechanical
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properties. As illustrated in Appendix B, the mullite bonding phase, which fuses the SiC particles
together, exhibited significantly higher compressive strength compared to the cristobalite phase
formed from the silica layer. Therefore, future work should focus on incorporating SiC-mullite
into the feedstock within a powder bed binder jet system. This strategic inclusion can minimize
voids between SiC particles, creating a strong bonding zone predominantly composed of mullite.
The objective will be to facilitate the fusion of SiC particles, thereby enhancing the densification

and thermomechanical properties of the printed parts.
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APPENDIX A: DISCRETIZED VERSION OF ODES FOR EQUATIONS (10-13)

The complete set of discretized ODEs representing equation (10) can be given as,

(CSi(OH)4 )n+1 = (CSi(OH)4 )n —2-dt- Kz (CSi(OH)4 )n (CSi(OH)4 )n (21a)
(CSio2 )n+1 = (CSio2 )n +2-dt- Kz (CSi(OH )a )n (CSi(OH )a )n (21b)
(CHZO )n+1 = (CHZO )n +4.dt- Kz (CSi(OH )a )n (CSi(OH)4 )n (210)

The complete set of discretized ODEs representing equation (11) can be given as,

(Cuo), (o), oK () (€ ), 222
(€ )um(C0), et Ks(Cas ) (€ ), 220
(Cs0 )y =(Cs0), +0t-Ky (C,) (Co ). (22¢)
(Ceo)ya=(Coo), +0t-Ky(Cs, ) (G ), (224

The complete set of discretized ODEs representing equation (12) can be given as,

(Csio )n+1 =(Csi0 )n —2-dt-K,(Cgp )n (Co2 )n (232)
(Co, )n+1 =(C,, ) —~dt-K, (Cspo), (Co, ) (23b)
(CSi02 )n+1 = (CSio2 )n +2-dt- K4 (CSiO )n (Co2 )n (23C)

The complete set of discretized ODEs representing equation (13) can be given as,

(CSi(OH)4 )n+1 = (CSi(OH)4 )n —2.dt- K5 (CSi(OH)4 )n (CSi(OH )a )n (24a)
(CSiOZ )n+1 = (CSio2 )n +2-dt- Ks (CSi(OH )a )n (CSi(OH )a )n (24b)

(CHZO )n+1 = (CHZO )n +4-dt- Ks (CSi(OH )a )n (CSi(OH )a )n (24c)
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APPENDIX B: COMPARISON BETWEEN CRISTOBALITE VS MULLITE AS

BINDING AGENT FOR SIC

SiC-Cristobalite discs were prepared using a protocol previously reported from our
laboratory. Briefly, 1000 mg of 40 um SiC was mixed with 60 pL of 10%, 15%, or 20% NaOH,
the mixture was compacted at 250 MPa for 30 mins in a hydraulic press to produce a disc of 10
mm diameter x 5.8 mm height. The discs were then subjected to a thermal treatment at 1400 °C/1
hr at 10 °C/min. The mechanical strength of the SiC-Cristobalite discs were measured and

compared to SiC-mullite prepared under the same experimental conditions.
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Figure Al: Comparison of mechanical properties of SiC cristobalite prepared by using 10%, 15%, and 20% NaOH
solutions and SiC-mullite composite prepared by mixing 90 wt% SiC with 10 wt% ash, pressed at 250 MPa/30 min
and heat treated at 1400 °C/1 hr.

SiC-mullite composite shows significantly high mechanical strength compared to SiC-

cristobalite, (Figure Al). It is evident from the compression data that the increase in cristobalite
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phase; after treatment of SiC particles with high NaOH concentration and heat treatment at 1400
°C/1h, resulted in a significant decrease in the mechanical strength. The compression strength for
SiC-cristobalite samples decreased as the concentration of NaOH used to treat the samples
increased in the order 10% > 15% > 20%. From this compressive strength analysis, secondary
mullite phase is much stronger than cristobalite and hence provides stronger adhesion for SiC

particles.



