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An alumina microreactor was designed and fabricated to study the synthesis of nano-

sized silicon nitride powder via the ammonolysis of SiO vapor at temperatures ranging 

from 1300°C to 1400°C. It is the first high temperature ceramic microreactor capable 

of operating at temperatures upto 1600°C. The microreactor was designed using 3D 

CAD software SolidWorks and AutoCAD. This entirely new design of the 

microreactor simplifies the lamination and bonding techniques by using just 3 plates 

instead of stacking a number of plates together. This design simplification was made 

feasible by using a combination of advanced processing techniques such as laser 

machining, extrusion, and tape casting. A CO2 laser was used for fabricating the top 

and bottom plates, while the extruded body of the microreactor was fabricated using 

highly porous alumina (50-60% porosity). These porous microchannel walls simplify 

the use of multiple flows in the microreactor, because it facilitates the reactant gas 

stream to enter into the microreactor through the pores. The microreactor was finally 



tested in a horizontal tube heating furnace to synthesize silicon nitride nanoparticles by 

performing gas-phase reactions between SiO and ammonia. The SiO vapor generation 

was controlled by the flow of argon gas. The ammonia dissociation at high 

temperatures was taken into account by maintaining flow rate of ammonia atleast 5 

times higher than the flow rate of SiO. Due to its portability, and hence reduced 

reaction volume this microreactor provides a better control over the residence time and 

diffusion length of the reactants in the hot reaction zone, resulting in a better control 

over the particle morphology and size distribution.  

 

The reaction between SiO and ammonia was carried out by varying the flow rates of 

ammonia ranging between 1000-4000 cc/min, while the flow rate of argon was kept 

constant at 240 cc/min. The reaction was carried out at a constant temperature of 

1350°C for a cycle time of 1hr.  The reaction yielded silicon nitride nanoparticles were 

then collected on different filter papers at the exit of the microreactor.  

 

Different powder characterization techniques such as transmission electron microscopy 

(TEM) and x-ray diffraction (XRD) were used to determine the particle size, particle 

size distribution, and chemical composition of the nano-sized particles.  XRD analysis 

indicated peaks of silicon oxy-nitride (Si2N2O) in all the samples except the sample 

obtained after the first run. This is because Si3N4 nanoparticles on exposure to 

atmosphere were oxidized to form Si2N2O. Toxicology tests were also conducted in 

order to determine the toxicity effects of Si3N4 nanoparticles on different body parts of 

zebra fish. The data obtained was then further used to discuss the advantages of the 



microreactor in synthesis of Si3N4 nanoparticles and its integration to a post processing 

system such as compaction press, injection molding, and extrusion. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Micro Process Engineering 

Microscale process engineering is the technology of conducting chemical or 

physical processes (unit operations) inside small volumes, typically inside channels 

with diameters of less than 1 mm (microchannels) or other structures with sub-

millimeter dimensions. These processes are usually carried out in continuous flow 

mode, as opposed to batch production, allowing a throughput high enough to make 

micro process engineering a tool for chemical production. Microscale process 

engineering involves the use of microsystems which are now available in many 

devices for commercial applications including- micromixers and microreactors as 

alternative to batch production in pharmaceutical and fine chemical industry, lab-

on-chip devices, microsensors, advanced rapid throughput chemical and catalyst 

screening tools, distributed or portable power and chemical production, distributed 

heating and cooling, and even space applications (Lowe et al.). Figure 1.1 shows 

various microfluidic devices used in different applications such as medical, 

chemical, and energy. Novel fabrication and processing techniques, equipment, and 

operational methods are resulting in spectacular developments that go beyond 

traditional chemical engineering. These new developments promise improvements 

in process plants, and lead to the transformation of our concept of chemical plants  
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Figure 1.1. Schematic representation of various microfluidic devices in different 

applications 
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into compact, safe, energy-efficient, and environmentally sustainable processes. 

The subfield of microscale process engineering that deals with chemical reactions 

carried out in micro-structured reactors or microreactors, is known as microreaction 

technology. 

 

Microreaction technology, with its accelerated heat and mass transfer advantages as 

well as uniform residence time and flow pattern, is one of the few technologies 

with the potential to develop efficient, environmentally benign, and compact 

processes (Charpentier et al.). It is a highly interdisciplinary research area, where 

chemistry, physics, and engineering merge together. It involves the use of 

microreactors which allow reactions to be performed at the micrometer scale.   

 

Recent developments in microreactor technology create opportunities for new and 

innovative production processes that are not only safe but also offer more durable 

alternatives for current processes. For instance, potential chemicals can be 

synthesized, analyzed and screened on nanoscale in a microreactor. Due to the large 

surface area to volume ratio and compact size of the microreactor, screening 

reactions and/or reaction conditions can be performed using minimal reagent 

amounts. In addition, if a complex chemical reaction can be successfully performed 

in a microreactor, even industrial scaling up might become relatively easy by 

placing a number of these microreactors in parallel. 
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1.2 Microreactor 

Microreactors are especially suited for fast reactions with a large heat effect, where 

they allow for nearly isothermal conditions at high reactant concentrations, which 

is not possible in macroscale reactors. The possibility of fast mixing of reactants, 

and fast heating and cooling of reaction mixtures enables precise control of the 

reaction parameters, thus improving the yield of reaction intermediates, and 

reducing the by-product formation. Microreactors, rather than a conventional batch 

reactors provides a better control over the reaction conditions such as reaction 

temperature, reaction time, and flow rate, improved safety, and portability. 

 

Microreactors are currently showing great promise as a novel method for building 

new chemical technology and processes. Reactions performed in microreactors 

invariably generate pure products in a high yield, in shorter periods of time and in 

sufficient quantities to perform full characterization than the equivalent macro-

scale batch reactors. The good heat transfer properties of the microreactor allow it a 

precise temperature control during the reactions. For this reason, even very fast 

reactions with large reaction heat (highly exothermic reactions) can be conducted 

almost isothermally in a microreactor. It is also possible to change the temperature 

of microreactors very rapidly to intentionally achieve a non-isothermal behavior. In 

the microchannels of a microreactor, the reactant streams can be conveyed very 

precisely, resulting in short residence times and minimized backmixing. In 

addition, the provision of interfacial area between phases in multiphase reactions  
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can be achieved extremely well in a microreactor, because droplet and bubble sizes 

are limited by the microchannel dimensions.  

 

The use of microreactors for in situ and on-demand production is gaining 

increasing importance as the field of microreaction engineering emerges from the 

stage of being regarded as a theoretical concept to a technology with significant 

industrial applications (Pattekar et al.). There are several reasons why so much 

effort is being devoted to design and fabricate microreactors. Because of their size, 

it will be possible to construct a plant consisting of microreactors that is small 

enough to be moved from place to place (Worz et al.). These portable plants will be 

used for in situ production of hazardous chemicals, which currently incur 

considerable risk to humans, and the environment, thus avoiding several safety and 

health concern issues. Microreactors provide a better control over the reaction 

conditions, thus influencing the reaction rate and selectivity (Mitchell et al.).  

 
While the dimensions of the individual channels are small, a microreactor can 

contain a number of such channels, and hence its overall size can be on the scale of 

meters. However, the objective of microreaction technology is not only to 

miniaturize production plants, but also to increase yields and selectivities of 

reactions, thus reducing the cost of production.  
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1.3 Potential Applications of a Micro Reactor 

Microreactors offer many paradigm-changing opportunities for biomedical 

chemicals, defense, energy, electronic, and pharmaceutical industries. Due to the 

synergistic combination of their portability and excellent heat and mass transfer 

characteristics, microreactors are being fabricated for: (1) exploring new synthesis 

routes via safely accessing extreme operating conditions and (2) on-demand 

production of critical chemicals via numbering up with shortened development 

times and less environmental, transportation and storage burdens.  

 

Following are some specific applications of a microreactor: 

1. Generate relatively pure products in high yield compared to bulk reactions 

2. Produce sufficient quantities of product to perform full instrumental 

characterization in shorter time  

3. Minimize handling times to assay and chemical reagent costs  

4. Minimizes handling of toxic or hazardous chemicals due to its portability 

 
An important application of microreactors is for the synthesis of nanoparticles 

(Wagner et al.). For example, nanoscale ceramic powders can significantly help in 

the miniaturization of current products and can be used for various high 

performance applications due to their excellent mechanical, thermal, dielectric and 

corrosion properties (Ritter et al.). The performance of these nanoscale ceramic 

powders is strongly affected by particle properties, such as the particle size, the  
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distributions of the size, and the shape. Conventionally large-scale batch reactors 

have been used for the synthesis of ceramic nanoparticles (Nagasawa et al.). 

However, the particle size distribution of nanoparticles synthesized in batch 

reactors often does not satisfy the requirements for many applications. This is 

because the rate of forming fine particles is much faster than the mixing rate of the 

reactant. To overcome this problem, microreaction technology has been attracting 

attention as a method for ceramic nanoparticle production.  

 

Recent experiments have shown that to study the growth and formation of 

nanoparticles, a reactor having much smaller dimensions, namely a microreactor is 

more appropriate. It was also investigated that the shape, size, and yield of 

nanoparticles are strongly influenced by the mean residence time and temperature 

required to produce the nanoparticles. A microreactor provides control over the 

mean residence time, mixing and reaction temperature and hence over the 

nanoparticle size and shape.  

 

1.4 Research Overview and Goals 
 
Silicon nitride has been synthesized in this study as it is an excellent material for 

high-temperature structural applications due to its outstanding physical and 

mechanical properties under severe environment. Table 1.1 shows properties of 

silicon nitride first development of silicon nitride based ceramics started in the  
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Table 1.1. Properties of silicon nitride 
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early 1970s because of the need of high-efficiency ceramic gas turbines and 

reciprocating engines running at very much higher temperatures than conventional 

metallic engines. Currently, sintered parts of silicon nitride are widely used in a 

variety of applications for numerous components in machines and plants where 

materials with oxidation-resistant, high strength and toughness are required.  

 

The starting silicon nitride powder is so important to the control of microstructure 

and resulting physical properties, hence nano-sized silicon nitride powder with 

smaller mean particle size, narrow size distribution, uniform shape, and high purity 

is often desired. For example, significant improvement in strength and toughness of 

dense bodies can be obtained when nano-sized silicon nitride powder with such 

properties is used. Due to these reasons, there has been an increasing interest in 

various synthesizing techniques capable of producing high-purity silicon nitride 

nanoparticles.  

 

Currently, the gas-phase reaction is the most important synthesis technique for 

producing silicon nitride nanoparticles in terms of high-purity and post-process 

requirements. There are four main techniques involving gas-phase reactions used 

for producing nano-sized silicon nitride powder. However, due to the high cost of 

raw materials, expensive devices, and by-product formation involved, all these 

processes result in high production cost. 
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This work involves the ammonolysis of silicon monoxide (SiO) in multiple 

channels of a ceramic microreactor to synthesize silicon nitride (Si3N4) 

nanoparticles at elevated temperatures ranging from 1300°C to 1400°C. It involves 

the use low cost starting materials like silicon monoxide (SiO) and ammonia (NH3) 

to produce silicon nitride nanoparticles at low cost (Lin et al.). 

 

Thus, the goal of this work is to design and fabricate a ceramic microreactor and 

investigate the use of reactive gas streams of SiO and NH3 in microchannel arrays 

of this reactor to overcome the barriers associated with synthesis of ceramic 

nanoparticles in large quantities and in an environmentally friendly and cost-

effective manner. 

 

There are six chapters in this thesis that present the development of a ceramic 

multi-channel microreactor for the synthesis of silicon nitride nanoparticles. In 

Chapter 2, a literature survey of relevant studies reviews the use of silicon nitride, 

current methods (gas-phase reactions) used for the production of silicon nitride 

nanoparticles, and the advantages of synthesizing nanoparticles in a ceramic 

microreactor. The review also discusses various design and fabrication techniques 

that can be used for fabricating a ceramic microreactor. Chapter 3 discusses about 

the design of the microreactor along with its dimensions and the material chosen 

for its fabrication.  This section also discusses different microreactor configurations 

and heating furnaces initially considered for this study. Chapter 4 briefly illustrates  
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various patterning and bonding techniques used for fabricating the alumina 

microreactor. In Chapter 5, the experimental set-up and detailed procedure 

designed to study the silicon monoxide and ammonia reaction under various 

operating conditions are briefly illustrated. Results of the synthesis of silicon 

nitride nanoparticles obtained using the gas-phase reaction between ammonia and 

silicon monoxide in the alumina microreactor are presented and discussed in 

Chapter 6. This chapter also discusses about the benefits of this microreactor in 

terms of design, fabrication, and testing leading to safe production of nanoparticles 

in a cost-effective manner. Finally, Chapter 7 includes the summary and the 

recommendations for future work. 
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CHAPTER 2 

LITERATURE REVIEW AND OBJECTIVES 

 

2.1 Nanotechnology 

Nanotechnology involves the design, fabrication, characterization, and utilization 

of materials, structures, and devices which are less than 100 nm in atleast one 

dimension (Kong et al.). It is receiving increasing attention and research dollars as 

its potential for revolutionizing science and technology becomes more apparent. As 

selected aspects of nanotechnology deliver new and unexpected results, new 

applications emerge, while current applications are transformed and improved. For 

example, one can imagine nanorobotic devices delivering many forms of healing to 

explicit sites in a living body without affecting adjacent healthy cells in the process. 

Computers will benefit from nanotechnology, not only in size but also in memory, 

speed, functionality, reliability, and cost. Although these applications may be in the 

distant future, many other applications could benefit immediately as researchers 

work to develop the tools to build the next set of tools and so on. One area of 

development involves nanoscale building blocks such as nanoparticles. As the 

name implies, nanoparticles are particles with sizes ranging from a few to several 

tens of nanometers. They can be made from fully organic materials, inorganic 

materials, or organic-inorganic hybrids. Nanoparticles can either directly, or with  
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further functionalization, offer novel structural, electronic transport, light emission, 

light absorption, sensing, or magnetic properties, among others.  

 

The use of nanoparticles can significantly help in miniaturization of current 

products and hence find applications in variety of industries such as, cosmetics, 

pigments for paints, cellular antennas, brazing alloys, filters and membranes, 

magnetic devices, sensors, inks, thin films (microelectronics - MEMS/flat panels 

and optics), wear resistant coatings, weapons, battery and fuel cell electrodes, seals, 

bearings, automotive, textile, electronics, and aerospace components. 

 

Of the different nanoparticles, nanoscale ceramic particles offer attractive prospects 

as building blocks for microscale and mesoscale 3-D sintered structures for various 

high performance applications due to their excellent mechanical, thermal, dielectric 

and corrosion properties. Nano ceramic particles can be classified in two main 

groups: oxides such as silica (SiO2), titania (TiO2), alumina (Al2O3), zirconia 

(ZrO2) and non-oxides such as, silicon nitride (Si3N4), silicon carbide (SiC), 

titanium boride (TiB2), titanium carbide (TiC), and aluminum nitride (AlN).   

 
2.2 Why Silicon Nitride  
 
Silicon nitride is synthesized in this study for several reasons. It has tremendous 

technological significance in high temperature structural applications as a result of 

its excellent properties in terms of mechanical strength, and thermal and chemical 
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stability under severe environment (Sage et al.). It is a hard, solid substance that 

can be obtained by direct reaction between silicon and nitrogen at high 

temperatures. Silicon nitride produced from submicron powders has been 

extensively studied from the material science and processing perspectives and form 

a reliable basis for reference when the particle size assumes nanoscale dimensions. 

It exists in 3 crystallographic structural namely, α, β and γ phases. The α and β 

phases are the most common forms of Si3N4, and can be produced under normal 

pressure condition. However, the γ phase can only be synthesized under extremely 

high pressure and is third hardest material, following diamond and cubic boron 

nitride.  

 

Silicon nitride exhibits a unique combination of properties such as: 

 High temperature capability (1000°C) 

 High hardness (14-16 GPa) 

 Good thermal conductivity (29-30 W/m*K) 

 Low thermal expansion coefficient (3.3 x 10-6 /°C) 

 Excellent wear resistance 

 Good oxidation and creep resistance  

 Good thermal shock resistance 

 

The first development of Si3N4 based ceramics started in the early 1970s because of 

the need of high-efficiency ceramic gas turbines and reciprocating engines running  
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Figure 2.1. Common applications of silicon nitride 
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at very high temperatures as compared to conventional metallic engines. It has been 

then put into use for high stress applications, such as cutting tools, ball bearings 

and turbocharger blades since the 1980s. In addition, silicon nitride is a also a wide 

band-gap (5.3eV) semiconductor in which mid gap levels can be introduced to 

tailor its electronic/optic properties by proper doping (Xie et al.) and thus finds 

applications in electronics industry as an insulating, masking and passivating 

material (Zerr et al.).  

 

Silicon nitride nanoparticles also enhance additive free sinterabilities and plasticity, 

thus permitting large plastic deformation at low temperatures and improving the 

strength and toughness of sintered parts (Gleiter et al.). Silicon nitride finds use in a 

number of industrial applications, such as reciprocating engine and wear 

components, turbine blades, bearings, rotating bearing ball and rollers, insulators, 

cutting tools, and hot metal handling. Figure 2.1 some common applications of 

silicon nitride nanoparticles. 

 

2.3 Commercial Production of Silicon Nitride  

Silicon nitride particles in the range of 0.5-10 μm median size can be typically 

synthesized by following methods (Riley and Yamada et al.): 

 Carbothermal reduction of silica 

 Direct nitridation of silicon powder, and 
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 Decomposition of diimide from silicon tetrachloride and ammonia 

 
All of these processes involve low-cost raw materials, but the subsequent milling 

and purification steps result in high prices of products. The direct nitridation of 

silicon powder is an exothermic process, and hence it is difficult to control the 

particle morphology of the final product. This process has been used to obtain high-

grade silicon nitride. Carbothermal reduction of silica on the other hand, involves a 

number of steps to remove the co-products, such as silicon carbide (SiC) and 

silicon oxy-nitride (Si2N2O) (Durham, et al.) and requires post-synthesis heat 

treatment to obtain crystalline form of silicon nitride nanoparticles from Si(NH)2. 

The reaction silicon tetrachloride and ammonia results in a solid by-product NH4Cl, 

which can get mixed with the silicon nitride nanoparticles and thus needs to be 

removed (Yamada et al.). The carbothermal reduction process has been employed 

to produce low-grade silicon nitride, while the diimide process has been used to 

product high-grade silicon nitride. 

 

2.4 Synthesis of Silicon Nitride Nanoparticles 

Recently, there has been an increased interest in the synthesis of silicon nitride 

nanoparticles, to obtain nano-sized powder with an averaged particle size less than 

100 nm with improved chemical homogeneity and microstructures than can’t be 

obtained by conventional synthesis techniques (Karch and Gleiter et al.). The 

possibility of enhancing crystallization and improving the sintering processes is 
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very attractive in the applications of nano-sized powder (Aleixandre and Andrievski 

et al.).  

 
In principle, gas-phase reactions are perhaps the ones that give high-purity Si3N4 

powder and avoid the need of further grinding processes. These processes involve 

an evaporation phase, where the starting materials are vaporized, followed by a 

quenching phase, where rapid cooling leads to a limited growth of nucleated 

particles (Bowen et al.). A high temperature source, such as plasma or CO2 laser, is 

used as a heat source for the evaporation phase. Another method, which could be 

considered as high potential for synthesis of nanoparticles, is to perform the gas 

phase reactions at really high temperatures in a ceramic microreactor.  

 

2.4.1 Plasma Synthesis 

The plasma synthesis due to its ability to maintain a high degree of purity of 

reactants and the final powder is used for synthesizing Si3N4 nanoparticles. The 

most important advantages of this technique is that it can be operated at controlled 

high temperature that can be reached with steep temperature gradients, i.e. fast 

heating and rapid quenching rates.  

 

The use of silane (SiH4) and argon or silane and nitrogen with excess NH3 as the 

nitriding agent has been used in the RF plasma system for producing Si3N4 

nanoparticles (Chang et al.). The chemical reaction is given by- 
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         4 3 3 4 23 ( ) 4 ( ) ( ) 12 ( )SiH g NH g Si N s H g+ → +  

 

The silicon nitride nanoparticles so obtained are normally in the amorphous phase 

and have particle size ranging from 25-45 nm with a narrow size distribution 

[Viera, et al., 1998]. Although the plasma synthesis generates Si3N4 nanoparticles in 

the 10-100 nm size range, but large size dispersion and agglomeration of particles 

are always observed. Since most of the particles are obtained in amorphous form 

so, post heat-treatment is required for crystallization. Also, due to the high-cost of 

silane as a starting material, this synthesis technique is still questionable for 

commercial applications.  

 

The reaction of silicon tetrachloride (SiCl4) and ammonia is most commonly used 

in thermal plasma process (Yoshida and Soucy et al.). Two chemical reactions are 

involved in the formation of Si3N4 nanoparticles. 

   

                                4 3 3 43 ( ) 4 ( ) ( ) 12 ( )SiCl g NH g Si N s HCl g+ → +  

3 4( ) ( ) ( )HCl g NH g NH Cl g+ →  

 

Although, the SiCl4-NH3 reaction allows for large production of silicon nitride 

nanoparticles, but it also results in a solid by-product NH4Cl that can get mixed  
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with the final product and hence must be removed. Another disadvantage of this 

reaction is the corrosive nature of SiCl4 as the starting reactant and HCl vapor as a 

by-product. 

 

2.4.2 Chemical Vapor Deposition (CVD) Process 

Chemical vapor deposition methods have been developed due to the high cost and 

difficulties associated with parts obtained by hot-pressing and pressure sintering of 

silicon nitride nanoparticles. The overall reaction is given by: 

 

                                 4 3 3 43 ( ) 4 ( ) ( ) 12 ( )SiF g NH g Si N s HF g+ → +  

The reaction is performed at temperatures ranging from 1300o to 1410oC, yielding 

mixtures of amorphous and crystalline phase co-deposition, depending on the 

operating conditions. The deposition rate is significantly influenced by the reaction 

temperature and an excess amount of NH3 over SiF4 is needed due to the rapid 

depletion of NH3 by both the thermal decomposition and deposition reaction in the 

reactor.  

 

This method can produce Si3N4 nanoparticles with dense, stable, high-purity 

polycrystalline structure, however careful processing is necessary to obtain a 

homogeneous product distribution. Low reactant partial pressures result in a low  
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production rate and the use of expensive device is required due to the corrosive by-

product HF.  

 

2.4.3 Carbon Dioxide Laser-Induced Reaction 

This process involves a gas-phase pyrolysis reaction of silicon and nitrogen 

containing gas precursors, such as silanes and ammonia, taking place in a restricted 

heat zone with rapid heating and cooling rates (Wang and Suzuki et al). The 

chemical reaction is given by-  

 

      4 3 3 4 23 ( ) 4 ( ) ( ) 12 ( )SiH g NH g Si N s H g+ → +  

 

The silicon nitride nanoparticles so obtained are amorphous and contains 

considerable amounts of free silicon. In addition, the use of expensive silane as a 

raw material results in high production cost.  

 

2.4.4 Vapor-Phase Reaction 

Silicon nitride nanoparticles can also be synthesized by reacting silicon 

tetrachloride (SiCl4) and ammonia (NH3).  

 

4 3 3 4 43 ( ) 16 ( ) ( ) 12 ( )SiCl g NH g Si N s NH Cl s+ → +  

4 3 3 43 ( ) 4 ( ) ( ) 12 ( )SiCl g NH g Si N s HCl g+ → +  
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The formation of hydrogen chloride can be avoided by performing the reaction at 

high temperature (>1000°C) in excess NH3 environment. The overall reaction then 

becomes- 

 

                      4 3 3 4 43 ( ) 16 ( ) ( ) 12 ( )SiCl g NH g Si N s NH Cl s+ → +   

 
The reaction yields amorphous silicon nitride nanoparticles with a particle size of 

40 nm are obtained at 1200oC and volatile ammonium chloride as the by-product 

(Orthner et al.). The approach of taking SiCl4 and NH3 as precursors is more 

desirable in terms of raw material cost, but the post-process of heat treatment is 

required to sublimate NH4Cl. The nanoparticles synthesized by this method often 

suffer from purity problems because the solid by-product gets mixed with final 

product.  

 

Silicon nitride nanoparticle produced by different synthesis techniques possesses 

specific particle characteristics and morphology. Table 2.1 gives an overview and 

comparison of silicon nitride nanoparticles obtained from the above mentioned 

synthesis routes.  
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2.5 Synthesis of Nanoparticles in a Micro Reactor 

Nanoparticles have been receiving increased attention because of their distinct 

physical, chemical, mechanical, and thermal properties and applications to many 

new and high-functional devices (Klein, Sun, and Hu et al.). When the particle size 

decreases to nanoscale, the properties greatly change by their size and shape. 

Accordingly the deviation of the mean particle diameter should be as small as 

possible. Nanoparticles exhibit a variety of size and shape dependent physical and 

chemical properties that present a unique opportunity for creating materials with 

tailored characteristics. Synthesizing such nanostructures poses a significant 

challenge, since robust methods for preparing nanoparticles of homogeneous and 

predictable size and shape are required. To date, various methods have been used 

for the production of the nanoparticles with narrow size distribution such as 

microemulsion method (Boutonnet, Motte, and Hirai et al.), hot soap method 

(Murray et al.), and electrospray pyrolysis (Lenggoro et al.). However, despite the 

availability of a number of nanoparticle synthesis processes the difficulties in 

controlling the shape, size, handling, throughput, and obtaining highly pure and 

stable nanoparticles in large quantities in a safe and cost-effective manner, have 

been the factors adversely limiting the applications and economics of ceramic 

nanoparticles. 
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Table 2.1. Overview of the prior silicon nitride nanoparticles synthesis 
routes 
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In current synthetic methods specifying the precise conditions of reactions is 

difficult as the kinetics depend on details as the rate and volume of precursor 

injection, the dimensions of the reactor, and the rate of mixing (Emory et al.). It is 

difficult to control the reaction precisely in a conventional macroscale reactor 

because of the non-uniformity of the residence time, mixing, temperature, pressure 

and so on. Also, the current approach based on scaling up batch precipitation 

process is very time consuming and costly. To overcome the problems associated 

with batch reactors, microreactors can be applied to the production of nanoparticles 

with narrow size distribution, because microreactors provide a uniform reaction 

field in which the reaction conditions can be precisely controlled (Jongen et al). 

 
In a microreactor laminar flow and high heat transfer rates can be exploited to 

exercise control over the fluid, mass, and energy transport and better control over 

reaction conditions. The physical properties of nanoparticles are strongly dependent 

on the particle dimensions. Hence, the control of particle dimensions such as the 

particle morphology and the size distribution, is one the most important issues in 

the synthesis of nanoparticles (Wagner et al.). So, microreactors are required for the 

synthesis of nanoparticles because simply scaling down the reaction volume is 

often sufficient to lower the polydispersity of the particle samples. The reason 

behind this is the efficient and homogeneous mixing in microreactors, which is 

superior to the heterogeneous flow and mixing conditions in batch reactors. 
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Microreactors provide reaction volume which is more homogeneous with the 

respect to reaction temperature, flow rate thus providing a better control over the 

reactions parameters that govern the particle size distribution, i.e. nucleation and 

growth of nanoparticles. Also, the capital costs and the time required to build a 

microreactor is much lower than for a traditional batch reactor (Worz et al.). 

Moreover, microreactors provide reaction volumes that are more homogeneous 

with respect to concentration, temperature, and mass transport, leading to a better 

control of the reaction steps that govern particle size distribution, i.e., nucleation 

and growth (Demello et al.). 

 

2.6 Basis of the Work 

Prior work in a macro-scale tubular flow reactor has identified that nanoscale 

particle formation was limited by diffusion between reactant and gas streams 

(Vongpayabal et al.). The ammonolysis of silicon monoxide (SiO) was performed 

to produce nano-sized silicon nitride powder at low cost (Lin and Kimura et al).  

 
The kinetics of SiO vapor ammonolysis to produce nano-sized silicon nitride 

powder was studied with an 89 mm-diameter vertical tubular flow reactor operated 

at temperatures ranging from 1300ºC to 1400ºC, yielding three different kinds of 

silicon nitride at different locations in the reactor: (1) fine powder with an average 

particle size of 5-20 nm at the filter in the reactor gas outlet line; (2) whiskers at the 

NH3 feeder outlet; (3) crystals having precipitated on the reactor wall right  
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downstream of the whiskers. However, Si3N4 crystals were found to be the 

dominant product in the system (Vongpayabal et al.). The rate of the reaction to 

form nano-sized powder was represented by a pseudo-first order rate expression 

with respect to SiO concentration, independently of NH3 concentration where NH3 

was in large excess. The temperature dependency of the pseudo-first order rate 

constant was determined, and the effects of mean residence time as well as the 

reaction temperature on the growth of nano-sized particles were investigated.  

 

Figure 2.2 shows that the average mean particle size of Si3N4 nanoparticles 

increases with an increase in the residence time of reactants in the reaction zone in 

a macroscale reactor (Vongpayabal et al.). The growth process may be divided into 

two stages: an induction stage, and a cluster growth stage. During the induction 

stage, the homogenous vapor-phase nucleation takes place as sequence of additions 

of single molecules for developing an embryo. This process leads to the formation 

of nucleus with a radius equal to the critical nucleus radius, above which it 

becomes stable. Based on thermodynamic conditions, the critical radius for a 

silicon nitride nucleus to be stable and grow was estimated to be 0.3-0.6 nm. The 

minimum residence time to produce particles of critical size turned to be about 6 

ms. This is an indication that the mean residence time achieved in the macro-scale 

tubular flow reactor is much larger than the residence time needed for the formation 

of stable clusters. So, to study the process of nanoparticle formation and growth, a  
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   Figure 2.2 Growth of average Si3N4 particle size with residence time of   

    reactant gas mixture in a macro-scale reactor (Vongpayabal et al.) 
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reactor having smaller dimensions is more appropriate, namely, as small as those of 

microchannel reactors.  

 

When a microreactor is used the mean residence time can be easily controlled 

upwards of 0.1 ms, and hence the average particle size can be reduced to those 

close to the critical size. The yield of nano-sized silicon nitride nanoparticles in the 

macro-scale tubular reactor was found to be at most 43% because of the formation 

of whiskers and crystals (Vongpayabal et al.).  

 

 
However, the microreactor is expected to increase and control the residence times 

and yield scalable throughputs of high purity silicon nitride nanoparticles. In 

addition to requiring small quantities of reagent, the microreactor having sub-

millimeter reaction channels will allow for the precise control of reaction variables, 

such as reagent mixing, flow rates, reaction time, and heat and mass transfer which 

is ideal for integration with a post processing system (Hessler and Watts et al.). 

 

This work involves the ammonolysis of silicon monoxide in multiple channels of a 

ceramic microreactor to synthesize silicon nitride nanoparticles at elevated 

temperatures ranging from 1300°C to 1400°C. It uses common chemicals like 

silicon monoxide and ammonia to produce silicon nitride nanoparticles at low cost 

(Lin and Kimura et al.).  
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3 3 4 2 23 ( ) 4 ( ) ( ) 3 ( ) 3 ( )SiO g NH g Si N s H O g H g+ → + +  

 

SiO vapor is directly generated from amorphous SiO particles (produced from a 

solid-solid reaction of Si/SiO2 mixed-powder compacts), and then carried in the hot 

reaction zone of the microreactor by argon gas, where reaction with ammonia takes 

place. In the initial stage, when the flow rate of argon is maintained unchanged, the 

amount of SiO vapor generated per unit of time from inexpensive silica and silicon 

powders is roughly constant (Vongpayabal et al.). The control of key variables such 

as contact pattern of reactant gas, feed concentration of ammonia and SiO, the 

residence time of reactant gas mixture in the uniform temperature zone, and the 

reaction temperature provide great flexibility over the size and shape of the 

product. Further no solid and toxic by-products are formed by this method, 

resulting in highly pure silicon nitride nanoparticles.   

 

2.7 Dissociation of Ammonia 

As the temperature increases, the ammonia gas in the reaction dissociates into 

nitrogen and hydrogen. 

 
3 2 22 ( ) ( ) 3 ( )NH g N g H g→ +  
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The dissociation of ammonia at temperatures ranging from 1185 -1382°C using an 

¼” alumina (Al2O3) tube as an NH3 feeder, and the rate for NH3 dissociation was 

given by(Lin and Kimura  et al.)- 

  sgasofmmolCkr AA .)/( 33/1=        

 

Where, CA is the ammonia concentration in mol/m3, k is the rate constant given as 

4.456 ×109 e-246/RT mol/(m3 of gas)2/3 /s and the subscript A stands for ammonia.  

 

2.8 Material Selection for the Microreactor 

Microreactors represent a scaled-down method to perform chemical reactions in a 

just-in-time fashion. They find applications in a variety of sectors such as 

automotive, aerospace, electrical, mechanical, and chemical industries and most of 

these applications involve high temperature reactions. Important considerations 

when choosing a material for the microreactor include chemical compatibility, the 

ease and reproducibility of fabrication, and whether the material supports flow of 

the reactants of interest. Therefore, microreactors can be generally made out of 

ceramics (silicon carbide, alumina), glass, quartz, silicon, and metals (stainless 

steel), as well as polymers (polydimethylsiloxane, parylene, polyimide, PMMA) 

(Watts et al.).  Each material has its own advantages and disadvantages; however 

ceramics have the potential to add beneficial properties to microreactors for 

applications involving high temperature reactions thanks to their key properties  
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such as high chemical resistance (Knitter et al.), high temperature structural 

stability, good corrosion and wear resistance, and superb heat conductivity 

(Meschke et al.).  

 

The material requirements for the microreactor are as follows:  

1. High temperature capability  

2. Chemical resistance   

3. Oxidation and wear resistance 

4. Good thermal conductivity  

5. Good hardness and compressive strength  

6. Low thermal expansion coefficient  

 

Based on the design and fabrication considerations and the material requirements 

for the microreactor, the microreactor was manufactured using ceramic alumina. 

Based on these requirements, we have chosen to construct microreactor using 

ceramic alumina. 

 
Aluminum oxide (Al2O3), commonly referred to as alumina, is one of the most 

cost effective and widely used materials in the family of engineering ceramics. The 

raw materials from which this high performance technical grade ceramic is made 

are readily available and reasonably priced, resulting in good value for the cost in 

fabricated alumina shapes. Alumina possesses strong ionic inter-atomic bonding  
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giving rise to its desirable material characteristics. It can exist in several crystalline 

phases which all revert to the most stable hexagonal α phase at elevated 

temperatures. High purity alumina is usable in both oxidizing and reducing 

atmospheres to 1925°C. Its hardness makes it suitable for use as an abrasive and as 

a component in cutting tools. Alumina exhibits a unique combination of properties 

such as: 

 High temperature capability (1750°C) 

 High hardness (11-14 GPa) 

 Good thermal conductivity (27 W/m°C) 

 Low thermal expansion coefficient (8.4 x 10-6 /°C) 

 Good compressive strength (2600 MPa) 

 Excellent dielectric properties from DC to GHz frequencies 

 Excellent size and shape capability 

 
Due to its excellent properties, alumina is the material of choice for a wide range of 

applications like optoelectronic devices (Molchan et al.), high temperature 

electrical insulators (Evans et al.), ballistic armor and wear applications (Badmos et 

al.), biomedical implants, and thermometry sensors. Some typical uses of alumina 

are: 

 Gas laser tubes and furnace liner tubes  

 Seal rings   

 Thread and wire guides  
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 Electronic substrates and high voltage insulators  

 Abrasion resistant tube and elbow liners  

 Instrumentation parts for thermal property test machines  

 Grinding media 

 

2.9 Design and Fabrication of the Microreactor  

Recently, increased attention has been directed to the use of microreactors for both 

development and production of chemical and biological processes. These types of 

reactors offer several advantages. They provide a better control over the reaction 

parameters such as temperature, time, and flow rate as compared to the large-scale 

batch reactor. Once a reaction process is developed and optimized in a 

microreactor, it can be scaled up to industrial production level by replicating the 

microreactors in sufficient quantity to achieve the required production output of the 

process. So, if microreactors can be fabricated in quantity, and for a modest cost, 

industrial quantities of a desired product can be manufactured with a capital 

expenditure equal to or even less than that of a traditional batch reactor.  

 

 
Fabrication of a microreactor involves three different steps- 

1) Generating a computer model of the microreactor and its parts (Zech et al.) using 

a three-dimensional CAD software, 

2) Manufacturing all these parts using different patterning techniques and material 
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forming sections, and  

3) Bonding all these individual parts to form the final microreactor assembly that 

substantially matches the computer generated three-dimensional drawing of the 

microreactor.  

 

A three-dimensional model of the microreactor and its parts is generated using 

commercially available CAD software SolidWorks. The computer drawing is at 

least a two dimensional drawing and typically a three dimensional drawing of the 

different parts and fully assembled microreactor. These computer generated images 

are then used to produce different parts of the microreactor using different 

patterning techniques such as laser machining (Ke et al.), micropunching, 

extrusion, tape casting, soft-lithography, and powder injection molding. Finally all 

the patterned parts are bonded together to obtain the microreactor using different 

bonding techniques such as diffusion bonding, solvent welding, friction welding, 

and adhesive bonding (Sugita et al.). 

 

2.9.1 Design   

2.9.1.1 SolidWorks 

SolidWorks, a product of the SolidWorks Corporation, is a 3D computer-aided 

design (CAD) program that runs on Microsoft Windows platforms. It was 

introduced in 1993 by newly-founded SolidWorks Corporation, which uses a  
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limited parametric approach to modeling and assembling. It is a design automation 

software package used to produce parts, assemblies, and drawings. SolidWorks 

provides easy to use, highest quality design software for creating 2D drawings and 

3D models ranging from individual parts to assemblies with thousands of parts. In 

SolidWorks, all the part, assembly, and drawing documents are related. SolidWorks 

is therefore hierarchical in the creation of features in that subsequent features 

should have no effect on prior features.  

 

2.9.2 Patterning Techniques  

2.9.2.1 Laser Machining 

Laser machining is a non-contact, flexible process where energy or the laser beam 

can be precisely targeted onto the working surface (Ke et al.). It uses a highly 

coherent, focused beam of light as its drill bit. Because there is no mechanical 

contact with the part at the point of drilling, there is no tool wear, bit breakage, 

excessive part heating or chips produced, and therefore it offers a great potential in 

machining ceramics. The laser cutting process and the quality of the machined 

surface depends strongly on the laser and process parameters. Figure 2.3 shows the 

experimental set-up of laser machining. 
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                  Figure 2.3 Experimental set-up of laser machining 
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Key benefits of laser machining are:  

 Removes material accurately in very small amounts, thus material can be 

saved by only removing the minimum required amount.          

 It imparts a very small thermally affected area to the material (usually on 

the order of microns); therefore, any distortion due to the machining is kept 

to minimum.   

 Can be used on any material that is able to properly absorb laser irradiation, 

thus easier to machine hard and/or brittle materials such as ceramics. 

 Creates final quality results with just one process instead of multiple 

processes of cutting, de-burring, cleaning, etc. 

 Micromachining, such as small blind holes, grooves, and surface texturing 

and marking can be easily and economically done with laser machining. 

 

Some major research issues in laser machining include: 

 Lasers are so accurate, that they are not good at removing large amounts of 

material, thus resulting in increased cycle time.  

 Limited depth of cut as the depth of focus of a laser beam is quite small, on 

the order of tens of microns to a hundred millimeters 

 Negligible for bulk material 

 Can not operate on macro scale 

 Costly 



 

 

                                                                                                                                  39
 
 
2.9.2.2 Tape Casting 

Tape casting is a widely-used forming technique for producing large area, thin, flat 

ceramic parts such as substrates. It has been used to produce thin layers of ceramic-

loaded polymers that can be used as single layers or can be stacked and laminated 

into multilayered structures (Kristoffersson et al.). Tape casting is a fabrication 

technique that uses a fluid suspension of ceramic or metallic particles as the starting 

point for processing. Figure 2.4 shows the schematic representation of the tape 

casting process. 

 

In this process, a suspension of ceramic powder is cast onto a moving carrier 

surface (Zhang et al.). The ceramic suspension consists of a liquid medium 

containing the ceramic powder, dispersing agents, binders and plasticizers in 

specified amount to obtain good rheological properties for casting and excellent 

mechanical properties in the green tape. The slip passes as the carrier surface 

advances along a supporting table. The slip passes beneath the knife edge of a blade 

that spread the slip into a layer of controlled thickness and width as the carrier 

surface advances along a supporting table. When the suspending medium is 

removed by evaporation, the ceramic particles coalesce into a relatively dense, 

flexible, green film that can be stripped from the carrier or stored on rolls in a 

continuous process. The tape thickness that can be achieved is generally in the 

range of 25 μm up to 1 mm but it is possible to produce tapes down to 5 μm.  
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Figure 2.4. Schematic representation of the tape casting process 
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Key benefits of tape casting are: 

 Thin layers 

 Lower porosity of the green tape 

 Continuous production and high manufacturing capacity 

 Less expensive 

 

Some major research Issues in tape casting include: 

 Inaccurate control of thickness as the tape becomes thinner and thinner 

 Drying is necessary  

 Higher crack sensitivity 

 Limited part geometries 

 

2.9.2.3 Extrusion  

Extrusion is a manufacturing process used to create long objects of a fixed cross-

section. Extrusion process produces compressive and shear forces in the stock, 

however no tensile force is produced, which makes high deformation possible 

without tearing the material (Fekete et al.). The cavity in which the raw material is 

contained is lined with a wear resistant material. So it can withstand the high radial 

loads that are created when the material is pushed through the die. Figure 2.5 shows 

the schematic representation of extrusion process.  
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Figure 2.5. Schematic representation of the extrusion process 
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The feedstock, often in the form of a billet, is pushed and/or drawn through a die of 

the desired profile shape. The feedstock is forced through the die by various 

methods: by an auger, which can be single or twin screw, powered by an electric 

motor; by a ram, driven by hydraulic pressure, oil pressure or in other specialized 

processes such as rollers inside a perforated drum for the production of many 

simultaneous streams of material. Extrusion may be continuous (producing 

indefinitely long material) or semi-continuous (repeatedly producing many shorter 

pieces) (Isobe et al.).  

 

Key benefits of extrusion process are: 

 It often minimizes the need for secondary machining 

 Can produce a wide variety of cross-sections that are hard to produce cost-

effectively using other methods 

 Good surface finish with the use of proper lubricants 

 Good mechanical properties and no oxidation takes place  

 Low tooling costs and short lead times 

 Modifications to die sizes can normally be achieved rapidly in-house at 

minimal cost and, offering design flexibility without commitment to large 

volumes of material 
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Some major research issues in extrusion include: 

 Tearing, either at the edge or at the surface due to low cohesive strength  

 Segregation, due to the flow of water under differential pressure   

 Cracking, due to differential shrinkage and poor mixing 

 Laminations, due to differential shrinkage.   

 Poor mixing results in segregation and pools of binder, 

 Warping due to drying or firing  

 

2.9.2.4 Slip Casting 

Slip casting is a fabrication technique for powder based shaping of ceramic 

components. This process is very suitable for the production of large components 

and thin-walled bodies of complex shape (Murfin et al.). In this process, a water 

based powder suspension or slip is poured into a porous plaster mold. The porous 

mold due to its porosity creates capillary forces and absorbs the liquid from the 

suspension. When the liquid is absorbed, the powder particles are compacted on the 

mold walls by capillary forces producing parts of uniform thickness. When a 

desirable layer thickness has been obtained, the casting process is stopped either by 

having the excess slip removed, or by letting the casting fronts approach each other 

in the centre of the piece to form a solid body (Gutierrez et al.). After drying for a 

certain period of drying the shaped piece is released from the mold for further  

sintering processes. 
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Key benefits of micro slip casting: 

 Complex part geometries can be manufactured  

 Good chemical homogeneity 

 Cheap mold material 

 

Some major research issues in slip casting include: 

 Large scale production requires number of molds and occupies more space 

 Limited durability of the plaster molds 

 Incumbent trial and error based design approach makes it highly inefficient 

in terms of time and material utilization  

 

2.9.2.5 Micro Powder Injection Molding  

Micro powder injection molding (μPIM) is a fast developing powder-forming 

technique, which is used to fabricate small and hard-to-manufacture parts with 

complex features. It inherits the features of conventional powder injection molding 

(PIM) as low production cost, applicability to a wide range of materials, good 

mechanical properties, and has the complex shape forming capability of plastic 

injection molding, precision of die-casting, and material selection flexibility of 

powder metallurgy. μPIM allows near net shape fabrication of micro components 

with almost no post-processing steps and can be used for mass production of 

ceramic or metal micro components possessing dimensions in sub-millimeter range 
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Figure 2.6. Step-by-step representation of the micro powder injection molding 

process 
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and structural details in tens of micrometers range. The main materials used for 

μPIM are hard metals, oxide ceramics, stainless steel, and porcelain powders. As 

seen from Figure 2.6, the processing steps involved in fabricating a part using 

micro powder injection molding are- powder selection and characterization, mixing 

the powder with a suitable binder (feedstock), injection molding to obtain the green 

part, debinding, sintering, and finishing operations, if necessary 

 
Key benefits of micro powder injection molding: 

 Geometrically complex with high degree of precision can be manufactured  

 Possible to work with a variety of materials such as, oxide and nonoxide 

ceramic materials, steels, magnetic materials, refractory metals, hard metals, 

and alloys based on nickel, cobalt and titanium 

 Improved functionality as several components can be combined to form one 

PIM component.  

 High reproducibility even of complex shaped mass production components 

in near net-shape 

 High raw materials utilization  

 Favorable energy balance 

 

Some major research issues in micro powder injection molding include: 

 Lower physical properties 

 Expensive molds 
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 Incumbent trial and error based design approach makes it highly inefficient 

in terms of time and material utilization  

 
2.9.2.6 Micro punching 

Micro punching is a potential machining process because of its simplicity and high 

production capability. It is a deformation process which can be carried out at high 

processing speed and with high precision. It is a process indispensable to 

generation of various functional products such as, inkjet nozzle of a printer, a fuel 

injection nozzle of an automobile engine, cooling holes of a gas turbine, and holes 

of a gas sensor. Holes in ceramic green sheets that are needed to create 

feedthroughs are made by using a gas that is under a higher pressure than 

atmospheric pressure and is expelled in a pulsed manner from a pressure vessel and 

thereby acts on a principal surface of a ceramic green sheet, at atleast one location 

at which a hole is to be made, in such a way that material is shot out of the ceramic 

green sheet at that location. This eliminates the disadvantages associated with the 

use of punches to punch holes. Figure 2.7 shows the schematic view of a micro 

punching machine. 

 

Key benefits of micro punching are: 

 Low production costs 

 Allows mass production 

 Environment friendly 
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Figure 2.7. Schematic view of the micro-punching process 
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 High processing speed 

 High precision 

 

Some major research issues in micro punching include: 

 Accurate alignment between punch and die hole is difficult to achieve for a 

die clearance of 1-2 μm 

 Fabrication of the micro tools with high dimensional accuracy 

 Misalignment of the micro punch and die hole leads to the breakage of a 

micro punch or a die hole 

 To satisfy the precision requirement, the micro punching process needs to 

be performed in a dust-free and temperature-controlled environment 

 Thermal deformation of the die set during micro punching leads to the 

misalignment of the die set, and for a system with multiple punches, the 

effect of thermal deformation of die set may be more serious (Joo et al.)  

 

2.9.2.7 Soft Lithography  

Soft lithography represents an alternative set of techniques for fabricating micro- 

and nanostructures (Xia et al.). It refers to a set of methods for fabricating or 

replicating structures using elastomeric stamps, molds, and conformable 

photomasks. Soft lithography includes the technologies of microcontact printing 

(μCP), replica molding (REM), microtransfer molding (μTM), micromolding in  
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Figure 2.8. Schematic view of the soft lithography process 
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capillaries (MIMIC) and solvent-assisted micromolding (SAMIM) (Xia et al.). It is 

generally used to construct features measured on the nanometer scale. Figure 2.8 

shows the schematic representation of soft lithography. This technology uses an 

elastomeric stamp (or mold) to pattern a wide variety of materials such as self-

assembled monolayers (SAMs), organic polymers, colloids, inorganic solids, 

proteins, and cells (Zhao et al.). 

 

Key benefits of soft lithography are: 

 Compatible with a wide range of substrates including glass, plastics, 

ceramics, and carbon 

 Lower cost involved than traditional photolithography 

 Well-suited for applications involving large or nonplanar (nonflat) surfaces  

 More pattern-transferring methods than traditional lithography techniques  

 No photo-reactive surface required to create a nanostructure  

 Smaller details in laboratory settings  

 

Some major research issues in soft lithography include: 

 Deformation and distortion of the elastomeric stamp/mold must be 

completely understood and fully managed  

 Properties of the elastomer must be optimized to make pattern transfer 

exactly reproducible, especially for features with very small sizes 
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Figure 2.9. Diffusion bonding mechanism 
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 Density of defects in the final patterns must be well-characterized  

 
2.9.3 Bonding Techniques 

2.9.3.1 Diffusion Bonding 

Diffusion bonding is a solid-state bonding process capable of joining a wide range 

of materials such as metals and ceramics to produce a variety of components. The 

process is dependent on a number of parameters, in particular, time, applied 

pressure, bonding temperature and method of heat application (Loh et al.). 

Typically the process variables range from several hours at moderate temperatures 

(0.6Tm) to minutes at higher temperatures (0.8Tm), with applied pressure. Ceramic-

ceramic diffusion bonding can be achieved with either diffusion aids or presence of 

secondary phases. Figure 2.9 shows the various steps involved in the diffusion 

bonding process. 

 

Diffusion bonding usually takes place in a uniaxial press heated via elements or 

induction units. This also presents a restriction on the size of components that can 

be processed. However, a more recent innovation uses microwave heating and this 

has been shown to produce excellent bonds in a matter of minutes (Wallach et al.). 

 

Key benefits of diffusion bonding are: 

 Limited microstructural changes 

 Capable of bonding different materials 
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 No filler required 

 Capable of fabricating very complex shapes 

 Less defects at bonding parts such as coagulation cracks or gas cavities 

 

Some major research issues in diffusion bonding include: 

 High vacuum required 

 Great care is required in the surface preparation stage. Excessive oxidation 

or contamination of the faying surfaces decreases the joint strength 

drastically 

 Diffusion bonding of materials with stable oxide layers is very difficult 

 High initial investment and production of large components is limited by 

the size of the bonding equipment used  

 Longer bonding time required and hence unsuitable for mass production  

 

2.9.3.2 Solvent Welding 

Solvent welding is a bonding technique which involves softening of the surfaces of 

two substrates by wetting them with solvents and/or adhesives, and joining them 

together through chemical and/or physical reactions. This process depends on the 

evaporation of the solvent from the joint area. In solvent welding, the material that 

makes-up the substrate itself acts as the adhesive (Rashid et al.). This process 

requires that the surface region of the substrates to be bonded be made fluid, so that 

they can wet the mating substrate. This fluid interface region is usually achieved by  
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thermally heating the surface areas or by partially dissolving the surfaces in an 

appropriate solvent. Once the substrate surfaces are in a fluid condition, they are 

brought together and held in place with moderate pressure. At this point the 

molecules of both the substrates will flow, diffuse into one another, and interlink. 

The fluid polymer then returns back to the solid state, usually by the dissipation of 

solvent or by cooling of a melt (Du et al.).  

 

Key benefits of solvent welding are: 

 Strong bond strength (up to 80-100% of substrate)  

 Economical, minimal equipment requirement 

 Simplicity of operation  

 Fast  

 

Some major research issues related in solvent welding include: 

 Cause stress cracking 

 Health and safety issues 

 Poor gap filling  

 Limitations regarding the design of the joint (dependent on pressure 

required) and the types of materials (heat and solvent resistance) that can be 

joined. 
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2.9.3.3 Adhesive Bonding 

Adhesive bonding is increasingly used for bonding ceramics because it’s an easy-

to-make low temperature assembly process. It is a bonding technique where two 

similar or non-similar materials (metals, ceramics, plastics, composites, etc.) are 

joined using an adhesive such as epoxy compounds, cyanoacrylates, acrylics, and 

anaerobic (Petit et al.). Each of these adhesives has its own optimum application 

method and curing time to give maximum performance. Optimization may also 

involve the use of a primer or other additives. Other adhesives systems also give 

enhanced bonding properties when used in conjunction with surface modifying 

primers, or keying agents, such as silane compounds (Wang et al.). With correct 

joint design, material selection and consideration of operational conditions, 

adhesive bonding can be successfully used for bonding ceramics. 

 

Key benefits of adhesive bonding are: 

 Uniform stress distribution at the joint  

 No finishing costs  

 Easily automated  

 Adhesives seal and join in one operation  

 Good fatigue resistance  

 Small areas can be bonded accurately  
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Some major research issues in adhesive bonding include: 

 Joints can be weak when subjected to peel load  

 Limited service temperature, typically <150°C or <200°C in special 

applications  

 Joint integrity is sensitive to cleanliness of the mating surfaces and service 

environment  

 Surface preparation can be critical  

 Joints are not hermetic  

 

2.9.3.4 Friction Welding 

Friction welding is a solid state welding process which produces coalescence of 

materials by the heat obtained from mechanically-induced sliding motion between 

rubbing surfaces. The work parts are held together under pressure. This process 

usually involves the rotating of one part against another to generate frictional heat 

at the junction. When a suitable high temperature has been reached, rotational 

motion ceases and additional pressure is applied and coalescence occurs 

(Kanayama et al.). 

 

Key benefits of friction welding are: 

 Ability to produce high quality welds in a short cycle time 

 No filler metal is required and flux is not used 
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 Used to join many combinations of dissimilar materials 

 Suitable for mass production 

 

Some major research issues in friction welding include: 

 Machine of sufficient power is needed, and so for short runs the process 

may not be economical.  

 Involves tooling and setup costs  

 Secondary finishing operations may be required which sum up to the total 

cost 

 

2.9.3.5 Sintering 

Sintering is a simple process used for manufacturing ceramic objects. In this 

process a material in powder form is heated at a high temperature in a sintering 

furnace until its particle adhere or bond to each other to form a fully dense object. 

The sintering temperature is kept below the melting point of the base material.  The 

sintering furnace also consists of a protective atmosphere to prevent oxidation of 

the parts in the hot zone. After sintering, the material usually shrinks significantly. 

Figure 2.10 shows the schematic of typical sintering process. 
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Figure 2.10. Schematic of a typical sintering process 
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The driving force for sintering is the decrease in the surface free energy of 

powdered compacts, by replacing solid-vapor interfaces with solid-solid interfaces. 

In a typical sintering step, the green compact is moved slowly through the sintering 

furnace.  The sintering furnace consists of three zones, namely the preheat zone, the 

hot zone, followed by the cooling zone. The temperature within the furnace rises 

slowly in the preheat zone where the green part is heated for a constant period of 

time. This preheated green part then enters the hot zone where it is heated at the 

actual high sintering temperature for another specified period of time.  In the hot 

zone, strong bonds develop between part particles and solid state alloying takes 

place. This heated part then proceeds into the cooling zone where the drop in part 

temperature is controlled to obtain the fully dense part.  The microstructure 

developed during sintering determines the properties of the part. 

 

Key benefits of sintering are: 

 High purity and great uniformity of the starting materials  

 Preservation of purity due to the restricted nature of subsequent fabrication 

steps  

 No surface machining required  

 Suitable for high melting-point materials  
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Some major research issues in sintering include: 

 High energy requirements 

 Suitable for only a limited number of materials 

 Limitations to the sizes and shapes that can be produced  

 

2.10 Objectives 

The main objectives of this study are to investigate the use of reactive gas streams 

in arrays of a ceramic microreactor to synthesize silicon nitride nanoparticles. The 

major goals of this study are listed below: 

1. To design and fabricate a multiple channel ceramic microreactor, capable of 

working at high temperature (upto 1600°C) 

2. To use an entirely new design of the microreactor, which simplifies the 

lamination and bonding techniques by reducing the number of plates used 

for the flow of reactant gases 

3. To use a combination of advance processing techniques such as laser green 

machining, extrusion, and tape casing for fabricating different parts of the 

microreactor with multiple microchannels 

4. To demonstrate the effectiveness of using multiple channel ceramic 

microreactor in high temperature synthesis of silicon nitride nanoparticles 

5. To examine the use of porous and fully dense alumina as a feasible material 

for fabricating the high temperature microreactor 
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6. To propose different microreactor configurations  in terms of reactor design, 

reactor dimensions, and heating furnace   

7. To determine the particle size, size distribution and chemical composition of 

the nanoparticles using transmission electron microscopy (TEM) and x-ray 

diffraction (XRD) 
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CHAPTER 3 

DESIGN  

 

3.1 Introduction 

A microreactor, due to its small channel dimensions has high surface area to 

volume ratio resulting in enhanced control over the process and reaction parameters. 

This high surface area to volume ratio of the microreactor provides it a better 

control over the diffusion length and residence time of reactants, resulting in a 

better control over the particle morphology and particle size distribution. In 

addition, microreactors offer the production of toxic or explosive chemicals onsite 

or on demand with an inherent safety. 

 

Currently, microreactors are gaining more and more relevance in process 

development with a huge field of industrial applications. Microreactors are not 

simply scaled-down versions of conventional systems. The governing heat and 

mass transfer processes on the microscale are intrinsically different, and the 

approach to reactor design exploits these differences. By removing or limiting the 

resistances to heat and mass transfer, microreactors can take full advantage of more 

active catalyst formulations, which yield no benefits in conventional designs. This, 

in turn leads to smaller, more efficient reactors with no penalties on throughput 

capacity.  
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Various research groups have successfully developed microreactors for different 

processing applications such as synthesis of gold and titania nanoparticles (Wagner 

et al., Takagi et al.), synthesis of pigments (Wille et al.), partial oxidation of 

ammonia, nitration, and chemical detection, leading to the development of micro-

reactor components for a variety of applications including manportable heating and 

cooling, automotive, electronics, aerospace, and several remote processes (Drost et 

al., Ameel et al.). 

 

3.2 Design 

One of the main goals of this project was to simplify the microreactor design and 

its associated lamination and bonding techniques. This project looks into using an 

entirely new design of the microreactor. It consists of 3 plates with aligned 

microchannels for the flow of reactants. This microreactor design avoids the 

lamination and bonding processes by using just 3 plates instead of using a number 

of plates together as used in previously used microreactors. In order to realize this 

design, a computer model of the microreactor and its parts was generated using 

commercially available 3-D CAD software package, SolidWorks. This computer 

drawing is at least a two-dimensional drawing and more typically a three-

dimensional drawing of the different parts and the fully assembled microreactor. 

Figure 3.1 shows the 3-D model of the microreactor along with its exploded view 

and different parts. As seen in the figure 3.1, the microreactor consists of three  
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Figure 3.1. 3D model and exploded view of the alumina microreactor  

along with the top plate, bottom plate, and the extruded body 
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Table 3.1. Dimensions of the top plate, the bottom plate, and the 
extruded body of the microreactor 
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parts: the top plate, the bottom plate, and the extruded body. All these 3 plates 

consists of microchannels aligned with each other, and so while the number of 

microchannels on these parts can be increased to hundreds, the number of plates 

remain the same. The circular array of holes in all these parts acts as microchannels 

through which the reactants are carried into the hot reaction zone of the 

microreactor, where they mix and react at high temperatures to obtain the final 

product. These computer generated parts of the micro-reactor were then patterned 

and bonded together using different microfabrication techniques to obtain the final 

microreactor. Table 3.1 shows the dimensions of all the three parts of the ceramic 

microreactor. 

 

3.3 Material Selection 

Microreactors represent a scaled-down way to carry out chemical reactions in a 

just-in-time fashion. They find applications in a variety of industries like 

automotive, aerospace, electrical, mechanical etc. Many of these applications use 

high-temperature chemical processes (e.g., combustion) that make it necessary to 

use thermally and chemically resistant materials such as ceramics in the 

construction of these components. As applications for microreactors broaden, 

materials challenges have become more pronounced. Thermal management 

requirements for these devices have been important considerations in their design 

and construction. So, microreactors are generally made out of materials capable of 

operating at high temperatures upto 1000°C, withstanding pressure equal to above  
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the atmospheric pressure (1 atm), and should be chemically resistant against the 

reactants used. In order to meet this high pressure and temperature requirements 

microreactors are made of high strength, high melting point materials such as, 

ceramics (silicon carbide, alumina), glass, quartz, silicon, and metals (stainless 

steel), and polymers (polydimethylsiloxane, parylene, polyimide, PMMA) (Hessel 

et al.). Each material has its own advantages and disadvantages; like the stainless 

and silicon microreactors are not stable at a temperature above 800°C, and since 

both these materials can oxidize and corrode to a significant extent, so they are not 

suitable for prolonged high temperature operations (Christian et al.). However 

ceramics have the potential to add beneficial properties to microreactors for 

applications involving high temperature reactions thanks to their specific key 

properties such as high thermal and chemical resistance (Knitter et al.), high 

temperature stability, corrosion resistance, and superb heat conductivity (Meschke 

et al.). Higher temperature capability and increased oxidation resistance 

requirements have pushed the development of microchannel ceramic components. 

Ceramic microreactors are also considered to be excellent candidates for catalyst 

supports in microreactor devices (Martin et al.). Based on the design considerations 

and the material requirements for the microreactor, the proposed microreactor was 

manufactured using ceramic material alumina (Al2O3).  

 

Alumina possesses strong ionic inter-atomic bonding giving rise to its desirable 

material characteristics. It is the most cost effective and widely used material in the  
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family of engineering ceramics. It exhibits a unique combination of properties such 

as high hardness, good thermal conductivity, excellent dielectric make it the 

material of choice for a wide range of high temperature applications like 

microreactors, optoelectronic devices (Molchan et al.), high temperature electrical 

insulators (Evans et al.), ballistic armor and wear applications (Badmos et al.). 

High purity alumina is usable in both oxidizing and reducing atmospheres to 

1925°C, while weight loss in vacuum ranges from 10–7 to 10–6 g/cm2.sec over a 

temperature range of 1700° to 2000°C. It resists attack by all gases except wet 

fluorine and is resistant to all common reagents except hydrofluoric acid and 

phosphoric acid. It is also relatively low cost, is easily formed and finished using a 

number of fabrication methods, resulting in good value for the cost in fabricated 

alumina shapes. Also, the cost of alumina substrate is much less than other 

composites requiring complex manufacturing processes. Furthermore, an analysis 

of the heat transfer behavior in a microreactor demonstrated that alumina yields an 

optimal compromise between good lateral and poor axial conductivities, the former 

ensuring adequate heat transfer rates and the latter enabling one to exploit the 

temperature gradients available (Schmitt et al.).  

 

3.4 Microreactor Configurations 

Initially, two different microreactor configurations to perform gas-phase reactions 

between SiO and NH3 were considered. Figure 3.2 shows the sketch of the 

microreactor with three alumina tubings. As can be seen from the Figure 3.2, this 
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Figure 3.2. Microreactor configuration with three alumina tubings 
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               Figure 3.3. Microreactor with two alumina tubings 



                                                                                                                                   73
 
 
microreactor configuration consists of three alumina tubings, namely the inner 

alumina tubing, the middle alumina tubing, and the outer alumina tubing. The inner 

alumina tubing is connected to the top plate of the microreactor at one end and to 

the gas-inlet at the other end. It acts as a feeder tube for the silicon monoxide pieces 

and the argon gas.  The middle alumina tubing is connected to the gas-inlet, and 

acts as a feeder tube for ammonia gas. Finally, the outer alumina tubing connected 

to the gas-inlet is used as a feeder tube to feed pure argon gas so as to minimize the 

product attachment to the reactor walls. The outer alumina tubing is also connected 

to the gas-outlet for collecting the silicon nitride nanoparticles. 

 

Figure 3.3 shows the sketch of the microreactor with two alumina tubings. This 

microreactor configuration consists of two alumina tubings, namely the inner 

alumina tubing and the outer alumina tubing. The inner alumina tubing in this 

design also acts as a feeder tube for the silicon monoxide pieces and the argon gas. 

It is connected to the top plate of the microreactor at one end and to the gas-inlet 

end cap at the other end. The outer alumina tubing on the other hand is connected 

to the gas-inlet end cap at one end and to the gas-outlet end cap at the other end. It 

acts as a feeder tube for ammonia gas and is also used for collecting the silicon 

nitride nanoparticles.  
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In order to simplify the design, the microreactor configuration with two alumina 

tubings was used as a first pass to carry out the reactions in the microreactor and 

synthesize silicon nitride nanoparticles. 

 

3.5 Microreactor Assembly in the Heating Furnace 

The microreactor assembly is then placed in a heating furnace to investigate the use 

of reactive gas streams of silicon monoxide and ammonia to produce silicon nitride 

nanoparticles. For this study, two heating furnaces with different design and 

dimensions, namely the horizontal tube furnace and box furnace were considered.  

Both these heating furnaces were capable of operating upto 1700°C. The reason 

behind using these furnaces was because gas-phase reaction between SiO and NH3 

gases was to be carried in the microreactor at really high temperatures ranging 

between 1300-1400°C. Figure 3.4 and Figure 3.5 show schematic drawings of 

horizontal tube furnace and box furnace considered for this study.  
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Figure 3.4. Horizontal tube heating furnace 
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                 Figure 3.5. Box shaped heating furnace 
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Figure 3.6. Schematic diagram of microreactor assembly in a horizontal 

tube heating furnace for ammonolysis of SiO vapor 
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The dimensions of horizontal tube heating furnace were- 33.5” length x 16” height 

x 17” width, while the dimensions of the box furnace were- 4” length x 4” height x 

4” width. The uniform temperature zone of the box shaped furnace as compared to 

the horizontal tube heating furnace was small which provided more localized 

heating to the microreactor, resulting in a better control over the residence time of 

the reactants and hence over the particle size.  In addition, the horizontal tube 

heating furnace due to its large size occupies more space and capital costs as 

compared to the portable box shaped furnace.  

 

However, the major objective of this project was to validate the design of the 

microreactor for synthesizing silicon nitride nanoparticles, so as a first pass, the 

horizontal tube heating furnace was used to perform reactions between SiO and 

NH3 in the microreactor and obtain the silicon nitride nanoparticles. This heating 

furnace is capable of working at high operating temperatures up to 1700°C. Figure 

3.6 shows the microreactor configuration with two alumina tubings placed in the 

horizontal tube heating furnace. As can be seen from the Figure 3.6, two concentric 

AD 998 alumina cast tubings were used as SiO and NH3 feeder. The gas sources of 

ammonia and argon gases are connected to a stainless steel (SS 304) gas-inlet 

through soft copper tubings and plastic tubings.  

 

Figure 3.7 shows the dimensioned sketch of SS 304 gas-inlet. It consists of two 

inlets, one for ammonia and the other for silicon monoxide and argon. The inlet for  
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             Figure 3.7 Dimensioned sketch of the SS gas inlet 
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Figure 3.8. Dimensioned sketch of SS gas outlet 
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Figure 3.9. Inner and outer alumina tubing used in the 

microreactor 
 
 

Table 3.2. Dimensions of the inner and outer alumina tubing 
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silicon monoxide and argon is connected to an AD 998 inner alumina tubing which 

is further connected to the top plate of the microreactor. Silicon monoxide is in the 

form of solid pieces and is carried in the microreactor by argon gas. The flow of 

argon minimizes the silicon nitride nanoparticles attachment to walls of the reactor, 

thus reducing the formation of whiskers.   

 

The use of inner alumina tubing allowed the silicon monoxide and argon gas to 

enter just through the microchannels on the top plate of the reactor and not through 

the extruded body. On the other hand, the inlet for ammonia gas was connected to 

an AD 998 outer alumina tubing which was further connected to the stainless steel 

(SS 304) gas-outlet. Figure 3.8 shows the dimensioned sketch of the SS 304 gas-

outlet. The use of outer alumina tubing allowed the ammonia gas to enter through 

the microchannels and pores of the extruded body of the microreactor. Figure 3.9 

shows the sketch of the inner alumina tubing and the outer alumina tubing and table 

3.2 indicate the dimensions of both the tubings.  

 

The microreactor with both these alumina tubings (refer figure 3.3) was then placed 

in the 200 mm long uniform temperature zone of the horizontal tube heating 

furnace, where the temperature variation was within ±5oC. Some alumina wool is 

sinter-bonded around the porous extruded body of the microreactor using the 

alumina paste, so as to thermally seal the clearance between the extruded body and 

the outer alumina tubing and to utilize the ammonia gas efficiently. The flexible  



                                                                                                                                   83
 
 
nature of the alumina wool facilitated the insertion of the microreactor through the 

slip cast alumina as well as provides the final support during operation. While the 

wool did not completely seal the ammonia flow it provides sufficient pressure drop 

to direct the ammonia flow towards the inner channels containing the silicon 

monoxide gas stream.  

 

 
Both silicon monoxide and ammonia gases react in the alumina microreactor placed 

in the uniform temperature zone at temperatures ranging from 1300-1400°C to 

obtain the silicon nitride nanoparticles, which were then collected in a 0.45 μm 

pore size filter paper through the SS gas-outlet. A thermocouple probe was also 

inserted through the SS gas-outlet, so as to take temperature measurements while 

performing reactions between silicon monoxide and ammonia gas streams in the 

microreactor.  
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CHAPTER 4 

FABRICATION 

 

4.1 Introduction 

Microfabrication, through its role in microelectronics and optoelectronics, is an 

indispensable contributor to information technology (Barrett et al.). It is ubiquitous 

in the fabrication of sensors (Bryzek et al.), microreactors (Clark et al.), 

combinatorial arrays (Briceno et al.), microelectromechanical systems (MEMS) 

(Bryzek et al.), microanalytical systems (Kovacs et al.), and micro-optical systems 

(Lee et al.). The fabrication of functional models of a microreactor is very 

important. Processing effects that play a minor role in the macroscale cannot be 

neglected at the microscale regime as they have a larger impact due to the increased 

surface area to volume ratio. Ceramic microreactors like almost all ceramic 

components are formed in the green, unfired state by consolidating the ceramic 

powder with the help of binder additives into the desired shape.  

 

Previous approaches to fabricate the microreactors involved different patterning 

and bonding techniques. However, the entirely new design of this microreactor 

simplifies the use of various lamination and bonding processes by using just three 

plates with aligned multiple microchannels, rather than stacking and bonding a 

number of plates together as used in other microreactors. So even though the 
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number of channels on these plates can be increased to hundreds and thousands, the 

number of plates still remains the same. This design simplicity was made feasible 

by using a combination of advance processing techniques such as laser machining, 

extrusion, and tape casting.  All the three plates, namely the top plate, the bottom 

plate, and the extruded body with aligned multiple microchannels were bonded 

together to obtain the microreactor assembly. In addition, this microreactor 

involves a low fabrication cost because the number of plates to fabricate is just 

three as compared to normally used 10-15 plates in other microreactors. Following 

are the steps involved in fabrication of the ceramic microreactor used in this 

project. 

 

4.2 Patterning 

Conventionally, ceramic microreactors, were not employed due to the costs 

associated with their design and development and because methods for the 

production of larger series were not fully established (Knitter et al.). During 

product development, high costs are incurred for the fabrication of models and 

prototypes for design optimization. To speed up this process and to reduce the costs 

involved, different patterning techniques (Moreau et al.) such as laser machining, 

micro-punching, extrusion, etching, photolithography, electro discharge machining 

(EDM), are nowadays increasingly used for fabricating ceramic microreactors 

(Knitter et al.). For this project, the top and bottom plates of the microreactor were  
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fabricated using tape casting and laser green machining, whereas the extruded body 

was fabricated using the extrusion process. 

 

4.2.1 Tape Casting 

Tape casting is a low cost process used for large-scale fabrication of ceramic 

substrates and multilayered structures. In this project, a 725 μm thick green alumina 

tape for both the top and bottom plates was prepared using tape casting at PNNL, 

Richland WA. For this purpose, a ceramic suspension or slip consisting of the 

alumina powder (Alcoa A-16 Super Grind), and an aqueous binder (Rohm and 

Hass Duramax B-1000) was prepared and casted on the moving carrier surface of 

the tape casting equipment. Other constituents used in the slip were deionized water 

and deflocculant (Darvan C). Once the ceramic suspension passes beneath the knife 

edge of the blade it is spread into a layer of desired and controlled thickness and 

width. Finally, when the suspending medium was removed by evaporation, the 

alumina particles coalesce together to form a green, dense and flexible tape. Rohm 

and Haas Duramax was used as the binder system because its increases the strength 

and density of the green tape, while Darvan C or ammonium polymethacrylate was 

used as the deflocculant to disperse the ceramic suspensions and minimize their 

water content. Figure 4.1 shows the schematic representation of the tape casting 

process. 
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Figure 4.1. Schematic representation of the tape casting process with 

its different processing steps 
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        Figure 4.2. Experimental set-up of laser machining 
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4.2.2 Laser Machining  

Laser machining is a non contact, flexible process where energy can be precisely 

concentrated onto the working surface (Ke et al.). It uses a highly coherent, focused 

beam of light as its drill bit. Laser machining provides a promising means for 

achieving cost efficient production of high quality ceramic parts. It uses the laser 

power to heat the local area (without necessarily evaporating or melting any 

material) before the material is removed. The intense, localized heat source 

inherent to this process affords an extremely effective method for increasing the 

temperature of the material just prior to the cutting location. This not only 

efficiently reduces the cutting force during the manufacturing process but also 

improves the machining characteristics, reduces tool wear, increases material 

removal rates, and provides better surface quality under proper operation conditions 

with regard to difficult-to-machine materials, especially structural ceramics (Chang 

et al.).  

 

In this project after tape casting, holes were drilled into both the top and bottom 

plates by laser green machining using a CO2 laser. The Legend 32 laser machine 

used for fabricating the top and bottom plates was a CO2 laser with 35 Watts beam 

power and 10.6 μm laser beam wavelength. Figure 4.2 shows the experimental set-

up of the laser machining process. This CO2 laser consisted of a discharge tube 

filled with CO2, nitrogen, and helium gases. In this laser, pumping of these gases  
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Figure 4.3. Top plate and bottom plate of the microreactor using tape casting, 

laser machining, and sintering 
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was done using DC electrical discharge. After the pumping was done, large amount 

of CO2 molecules collide with N2 molecules and gain excitation energy. Once the 

excitation energy is achieved, the CO2 molecules release energy and jumped to a 

lower energy state, thus generating laser beam with a high frequency. This laser 

beam was then focused on to the green alumina tape using a glass lens, which then 

heated and removed the material throughout the thickness of the tape so as to drill 

holes. One repetition cut along with 28% beam power and 20% speed were used as 

the cutting parameters to drill holes through both the top and bottom plates.  

 

4.2.3 Sintering 

After laser machining, both the top and bottom plates were in green state, and so 

sintering was done in a box furnace to obtain the fully dense plates. For sintering, 

both these plates were first preheated at the temperature of to 400°C for 1 hr. at a 

heating rate of 0.5°C/min. After preheating, the plates were heated at a high 

sintering temperature of 1600°C for a cycle time of 1 hr., followed by cooling at 

5.0°C/min. Figure 4.3 shows the top and bottom plates fabricated using tape 

casting, laser machining, and sintering. 
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4.2.4 Extrusion  

Extrusion is a fabrication process by which long straight parts can be produced. 

Different cross-sections varying from solid round, rectangular, L and T shapes, and 

tubes can be produced. Extrusion is done by squeezing material in a closed cavity  

 
through a tool, known as a die using either a mechanical or hydraulic press. It is an 

effective technique to produce ceramic parts to be used as multilayer structural or 

functional components for high temperature applications.  

 

The extruded body of the microreactor was fabricated using highly porous alumina 

at BHEL, India. Figure 4.4 shows the schematic representation of the extrusion 

process and the porous extruded body (with 50-60% porosity) obtained using this 

process. Extrusion was chosen as the microreactor fabrication process because of 

its ability to extrude multiple holes acting as microchannels in the body made of 

porous alumina. This extruded body with multiple microchannel arrays avoids the 

need laminating and bonding a number of plates together for the flow of reactants 

as used in other microreactors. Moreover, in other microreactors the stack of plates 

required to be tested under various stress and pressure conditions, which might 

even lead to the failure of microreactor.    

 

The reason behind using highly porous alumina was to take the dissociation of 

ammonia at high temperature into account by allowing the ammonia gas to diffuse  
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Figure 4.4. Schematic representation of the extrusion process and the 
porous extruded body obtained using this process 
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in the hot reaction zone of the microreactor through these porous microchannel 

walls and react with the silicon monoxide stream. 

 

4.3 Characterization 

All the three parts i.e., the top plate, the bottom plate, and the extruded body were 

characterized using a Philips CM-12 scanning electron microscope (SEM). The 

scanning electron microscope (SEM) is a microscope that uses electrons rather than 

light to form an image. It produces images of high resolution, which means that 

closely spaced features can be examined at a high magnification. The combination 

of higher magnification, larger depth of focus, greater resolution, and ease of 

sample observation makes the SEM one of the most heavily widely used 

instruments in research areas today.  

 

Typically in a SEM, electrons are thermionically emitted from a tungsten or 

lanthanum hexaboride (LaB6) cathode and accelerated towards an anode. The 

electron beam having an energy ranging from a few hundred eV to 50 keV, is 

focused by one or two condenser lenses into a beam with a very fine focal spot 

sized 1 nm to 5 nm. This beam passes through pairs of scanning coils in the 

objective lens, which deflects it over the sample surface. Through these scattering 

events, the primary electron beam effectively spreads and fills a teardrop-shaped 

volume, known as the interaction volume, extending from less than 100 nm to  
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Figure 4.5. SEM images of the top plate, the bottom plate, and the 
extruded body at different magnifications 
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Figure 4.6. EDS spectrum of top plate, bottom plate, and extruded body 

showing aluminum and oxygen as the two main constituents 
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around 5 µm into the surface. Interactions in this region lead to the subsequent 

emission of electrons which are then detected to produce an image. 

 
Figure 4.5 shows the SEM images of all the three parts at different magnifications. 

The SEM image of the extruded body at 5000X magnification (refer Figure 4.5) 

confirmed the presence of pores in the extruded body. Also, the EDS spectrum 

showed aluminum and oxygen as the two main constituents in all the three parts of 

the microreactor (refer figure 4.6).  

   

4.4 Bonding 

With the development of science and technology, many burgeoning fields including 

aerospace, fusion, metallic, and so on are developing rapidly. As a correspondence, 

the application environments of materials/instruments become much more complex 

and critical. Many materials have to be applied in high-temperatures, high-

pressures, high speeds or highly- erosive situations. So the demand for improving 

the joining performances has become more and more urgent since the quality of 

joining has a crucial influence on the application of materials or instruments in 

safety in the above situations (Wang et al.).   

 

Following patterning, the next step in fabricating the ceramic microreactor was the 

bonding of different parts together to obtain the final microreactor assembly. Many 

difficulties have been previously observed in bonding or joining of the ceramics  
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Figure 4.7. Microreactor assembly obtained by sinter bonding the top 
plate, the bottom plate, and the extruded body at 1400°C 
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due to their high melting temperature and brittleness. Further, traditional methods, 

such as riveting, bolting and threading, are not suitable to be applied in the joining 

of ceramic materials for that the stress concentration is an inevitable problem. At 

present, the main techniques used for bonding ceramics are diffusion bonding, 

metal brazing, diffusion and friction welding, adhesive bonding, solvent welding 

(Khanna et al.). The post-bonding process may be required for some designs which 

involve machining of excess material from the microreactor assembly. 

 

In this project, all the three parts of the microreactor, namely, the top plate, the 

bottom plate, and the extruded body were sinter-bonded by using an alumina paste 

at high temperatures up to 1400°C. Figure 4.7 shows the microreactor obtained by 

bonding all the three parts together. 

 

4.5 Gas-Inlet and Gas-Outlet 

In this project, the gas-inlet and gas-outlet end caps used were manufactured using 

conventional machining processes such as turning and drilling. The body of the 

end-caps were made using the turning operation on a CNC lathe, while the holes 

acting as inlets were drilled using a drilling machine. The chemical reactions in the 

microreactor were performed at really high temperatures, thus stainless steel (SS 

304) was chosen as the material for fabricating these end-caps because of it ability 

to withstand high temperatures upto 1000°C. 
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Viton o-rings were used in both these SS end-caps in order to provide a gas tight 

sealing. The reasons behind using viton o-rings were its high temperature stability 

upto 200°C, and chemical resistance against the both the reactants SiO and NH3 

used. 
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Table A-1. Effect of various concentrations of each type of silicon nitride nanoparticle on different parts of the embryonic 
zebra fish during waterborne exposure 

 

Waterborne Exposure 
  24 hpf evaluation     120 hpf evaluation 

  mortality dev. prog. mortality axis eye snout jaw otic notochord heart brain somite pectoral fin trunk fin trunk 
  yes  no yes no yes  no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no
J-107F 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
control 1 11 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
2 ppm 0 12 0 12 0 12 0 12 1 11 1 11 1 11 0 12 0 12 1 11 0 12 0 12 0 12 0 12 0 12
10 ppm 1 11 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
50 ppm 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
                                  
  mortality dev. prog. mortality axis eye snout jaw otic notochord heart brain somite pectoral fin trunk fin trunk 

J-104F yes  no yes no yes  no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no
control 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
2 ppm 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
10 ppm 0 12 0 12 2 10 0 12 2 8 0 12 2 8 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
50 ppm 2 10 0 12 2 10 0 12 3 7 0 12 3 7 0 12 0 12 4 6 0 12 0 12 0 12 0 12 0 12
                                  
  mortality dev. prog. mortality axis eye snout jaw otic notochord heart brain somite pectoral fin trunk fin trunk 

J-106F yes  no yes no yes  no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no
control 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
2 ppm 1 11 0 12 1 10 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
10 ppm 0 12 0 12 1 11 1 10 0 12 1 10 1 10 0 12 1 10 0 12 0 12 0 12 0 12 1 10 1 10
50 ppm 0 12 0 12 0 12 0 12 1 11 1 11 1 11 0 12 0 12 1 11 0 12 0 12 1 11 0 12 0 12
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Table A-2. Effect of various concentrations of each type of silicon nitride nanoparticle on different parts of the embryonic 
zebra fish during microinjection exposure 

 

 Microinjection Exposure 
  24 hpf evaluation     120 hpf evaluation 

  
mortalit

y 
dev. 
prog. 

mortalit
y axis eye snout jaw otic 

notochor
d heart brain somite

pectoral 
fin 

trunk 
fin trunk 

J-107F yes  no yes no yes  no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no yes no
control 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
50 ppm 0 12 0 12 2 10 0 12 0 12 1 9 1 9 0 12 0 12 2 8 0 12 0 12 0 12 0 12 0 12
250 ppm 1 11 0 12 3 9 0 12 2 7 2 7 2 7 0 12 0 12 3 6 0 12 0 12 0 12 0 12 0 12

J-104F                                
control 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
50 ppm 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
250 ppm 0 12 0 12 2 10 0 12 1 9 0 12 1 9 0 12 0 12 1 9 0 12 0 12 0 12 0 12 0 12

J-106F                                
control 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
50 ppm 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12
250 ppm 0 12 1 11 1 11 1 10 1 10 1 10 1 10 0 12 0 12 1 10 1 10 0 12 0 12 0 12 0 12
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CHAPTER 5 

EXPERIMENTAL ANALYSIS AND PROCEDURE 

 
 

5.1 Microreactor Set-Up 

In this work, an alumina microreactor with two alumina tubings heated in a 

horizontal tube heating furnace was finally used for performing gas-phase reaction 

between ammonia and silicon monoxide. The reason behind using the gas-phase 

reaction between SiO and NH3 is because in this reaction industrial scrap silicon 

(Si) can be used as one of the raw materials for producing SiO. This industrial scrap 

Si is the waste generated during a silicon wafer manufacturing process. So, the 

utilization of this waste product results in eco-friendliness. This reaction avoids the 

expensive devices and toxic reagents such as silane and silicon tetrachloride used in 

other prevalent gas-phase reactions to obtain silicon nitride nanoparticles. In 

addition, no toxic by-product is formed at the end of this reaction.  

 

Figure 5.1 shows the experimental set-up of the microreactor in horizontal tube 

heating furnace. The horizontal tube heating furnace is 33.5” long and 17” wide 

with two heating zones and two temperature controllers. It consists of a 20 cm long 

uniform temperature zone. The inner alumina tube with an ID- 12.70 mm and OD- 

17.48 mm which was bonded to the top plate the of the microreactor acts as feeder 

tube for argon gas and SiO pieces.  
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Figure 5.1. Schematic diagram of microreactor in the horizontal tube 

heating furnace for ammonolysis of SiO vapor  
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The outer alumina tube with an ID- 31.75 mm and OD- 38.10 mm acts as feeder 

tube for ammonia gas. Both these tubes along with the microreactor were placed in 

the 20 cm long uniform temperature zone of the horizontal tube heating furnace, 

wherein the temperature variation was within ±5oC. The stainless steel gas inlet 

was connected through ¼” plastic and soft copper tubings to the ammonia and 

argon gas source tanks so as to supply the argon and ammonia gases to both the 

inner and outer alumina tubings respectively. However, the stainless steel gas outlet 

was connected to other end of the outer alumina tubing and is further connected to 

the filter paper through ¼” soft copper tubes for collecting the nanoparticles and 

exiting the gases to the vacuum pump. A collection coupler ¾” x ¼” was also 

placed at the outlet of the microreactor through the stainless steel gas outlet to 

restrict the gas flow and modify the residence time distribution. The main objective 

of this coupler was to pass the final product along with the gases at a high velocity 

to the low temperature zone, thus reducing the residence time and the accumulation 

of particles. 

 

For this work, SiO vapor was generated directly from amorphous SiO pieces (3-6 

mm, 99.99%) placed on the top plate of the reactor through inner alumina tubing. 

In each experimental run, a desired amount of SiO particles were placed on the 

microreactor kept inside the uniform-temperature zone of the heating furnace. The 

heating furnace was heated up to a desired temperature at a heating rate of 

10°C/min. When the system had reached the reaction temperature, the reaction  
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between ammonia and SiO was started by supplying argon through the bed of SiO 

particles. Simultaneously, ammonia gas was also fed through the outer tube. 

Continuous flow of argon gas was maintained so as to minimize the product 

attachment to the reactor wall.  

 

The thermodynamics of silicon monoxide ammonolysis predicts that the synthesis 

of silicon nitride can take place over a wide temperature range of 1000-1600°C 

(Lin et al.). Although, the vapor pressure of SiO becomes significant at temperature 

above 1000°C (Kubaschewski et al.), the ammonia dissociation also increases with 

the increase in temperature. The increase in ammonia dissociation decreases the 

production of silicon nitride nanoparticles. However based on several experiments 

under various operating conditions, it has been found that the temperature for 

utilizing SiO vapor for effective synthesis of silicon nitride nanoparticles is in the 

range from 1300-1400°C (Vongpayabal et al.). 

 

5.2 Experimental Procedure 

In this work, for each test run a specific amount of SiO pieces (3 grams approx.) 

were weighed and placed on the top plate of the microreactor through the inner 

alumina tubing. Before initiating the reaction between SiO and ammonia, the 

heating furnace was heated till it reached a constant temperature of 1350°C. A 

heating rate of 10°C/min was set in the controller program of the furnace. The  
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furnace took approximately 1 hr to reach the desired temperature. When the furnace 

reached the set-point temperature the reaction was started by feeding argon gas and 

ammonia gas through the inner alumina tubing and outer alumina tubing 

respectively. 

 

Since, ammonia dissociates at high reaction temperatures, so the synthesis of 

silicon nitride nanoparticles is significantly affected by the method of feeding 

ammonia gas and bringing it in contact with the SiO vapor (Lin and Kimura et al). 

In each run, the molar feed ratio of NH3/SiO was maintained in large excess of 

ammonia over the stoichiometric ratio, so as to take into account the dissociation of 

ammonia at high temperatures. The reaction between ammonia and SiO was carried 

for a period of 1 hr. in the microreactor. The key process variable adjusted was the 

flow rate of ammonia from 1000-4000 cc/min, whereas the volumetric flow rate of 

argon was fixed at 240 cc/min. The reaction temperature was also kept constant at 

1350°C. Five test runs were performed by varying the flow rate of ammonia 

between 1000-400 cc/min. Table 5.1 summarizes the operating conditions used for 

the reaction between SiO and ammonia. After operating for a period of 1 hr., the 

reaction was stopped by terminating the flow of argon through the inner alumina 

tubing. The reactor was then cooled down to room temperature under the 

continuous flow of argon gas. A cooling rate of 30°C/min was set in the controller 

program of the heating furnace. 
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Table 5.1. Operating conditions for reaction between SiO and ammonia 
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The silicon nitride nanopowder generated due to the reaction between ammonia and 

SiO was collected in filter papers connected to the reactor gas outlet through soft 

copper tubings for further analysis. Since, the accumulation of silicon nitride nano-

powder on the filter paper resulted in an increase in the pressure drop; the gas 

stream from the filter paper was connected to a vacuum pump using polyethylene 

tubings to enhance the collection of nanoparticles.  

 

5.3 Particle Analysis and Characterization 

Various particle analysis and characterization techniques such as transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), photon 

correlation spectroscopy (PCS), x-ray photoelectron spectroscopy (XPS), and x-ray 

diffraction (XRD) can be used to determine the amount, particle morphology, 

particle size distribution, extent of SiO conversion, and chemical composition of 

the final product powder obtained from the microreactor.  Based on the analysis of 

the above variables, further improvements can be made in flow conditions and 

geometry of the microreactor. For this research, the powder particle size was 

however, analyzed using transmission electron microscopy (TEM), and the powder 

chemistry was determined using X-ray powder diffraction technique. 
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5.3.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is an imaging technique whereby a light 

source emits the beam of electrons that travel through vacuum in the column of the 

microscope. It uses electromagnetic lenses to focus the electrons into a very thin 

beam. The beam of electrons is then transmitted through a specimen and depending 

on the density of the material present, some of the electrons are scattered and 

disappear from the beam. At the bottom of the microscope the unscattered electrons 

hit a fluorescent screen, which gives rise to an image of the specimen with its 

different parts displayed in varied darkness according to their density. The image is 

further studied directly by the operator or photographed with a CCD camera. Since, 

TEM uses electrons as the light source, so the lower wavelength of electrons makes 

it possible to get a resolution a thousand times better than with a light microscope. 

 

In this study, the transmission electron microscopy was done by FEI Tecnai F-20 

transmission electron microscope at PSU, Portland. The sample preparation was 

done by cutting small pieces of filter paper along with the product powder from 

each sample and dipping the samples into glass vials filled with dichloromethane. 

The glass vials were then sonicated upto 1 min. for powder dispersion. A small 

droplet of the solution along with the dispersed powder then obtained was placed 

on the copper grid using a micropipette for TEM analysis. The negatives of the 

particle images obtained were finally scanned into digital pictures and the average 

size of the particles was measured. 
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5.3.2 X-ray Powder Diffraction 

X-ray powder diffraction (XRD), is an instrumental technique that is used to 

identify the proportion of the different constituents present in a particular sample. It 

can also provide information about the degree of crystallinity of the constituents, 

possible deviations of the constituents from their ideal compositions, the structural 

state of the constituents. In X-ray powder diffractometry, X-rays are generated 

within a sealed tube that is under vacuum. A current and high voltage (15-60 kVs) 

is applied which heats a filament within the tube. This high voltage accelerates the 

electrons, which then hit a target, commonly made of copper or molybdenum. 

When these electrons hit the target, X-rays are produced and monochromatized by 

a graphite crystal mounted just ahead of the scintillation counter. These X-rays are 

collimated and directed onto the sample, which is in the form of fine powder (< 10 

microns). A detector then detects the X-ray signal which is then processed either by  

a microprocessor or electronically, thus converting the signal to a count rate. An X-

ray scan is finally run by changing the angle between the X-ray source, the sample, 

and the detector at a controlled rate between preset limits. 

 

In this study, X-ray powder diffraction was done using Siemens (Bruker) D5000 

powder x-ray diffractometer to determine the chemistry and structure of the powder 

particles obtained at OSU, Corvallis. For this small piece of each sample of the 

filter paper along with the product powder was cut and placed on a glass slide using 

a double-sided tape. The glass slide was then placed on the copper sample holder  
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where the X-ray beam hits the sample. The X-ray scan was run by setting up the 

scan speed to 5°/min with an increment of 0.02. The data obtained was then plotted 

in an excel spread sheet. 

 

5.4 Toxicology Tests 

The handling of nanoscale ceramic powders in a safe and environmentally friendly 

manner is one of the major concerns in the production of these powders. Silicon 

nitride nanoparticles when exposed to atmosphere may cause potential risk to 

human health because these particles when inhaled get circulated with the blood 

and cause several health hazards. So, toxicology tests were conducted by Dr. 

Robert Tanguay and Dr. Stacey Harper in the Department of Environmental and 

Molecular Toxicology at Oregon State University to determine the effect of 

inhalation of silicon nitride nanoparticles on different parts of a zebra fish. 

Embryonic zebrafish was chosen for this study because it shares many cellular,  

 
anatomical, and physiological characteristics with other vertebrates. For 

developmental toxicology studies, zebrafish are especially useful due to their rapid 

external development and their transparency which allows for in vivo observation 

during development (Haendel et al.).  
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5.4.1 Materials and Procedure 

To perform this study, silicon nitride nanoparticles were added to the fish water in 

different concentrations to see effect of their exposure on different body parts of the  

 
zebra fish. Embryonic zebrafish were obtained from an AB strain of zebrafish 

reared in the Sinnhuber Aquatic Research Laboratory (SARL) at OSU. The adults 

were kept at standard laboratory conditions of 28°C on a 14h light/10h dark 

photoperiod (Westerfield, 2000).  The embryos collected from group spawns were 

staged for experimental studies (Kimmel et al., 1995). The embryos were then 

placed in a glass petri dish with 25 ml fish water.  The fish water consisted of 

reverse osmosis water supplemented with a commercially available salt solution 

(0.6% Instant Ocean).  The toxicology data was then collected using two different 

methods- waterborne exposure and microinjection exposure. Both these 

experiments were performed by adding different types of silicon nitride 

nanoparticles in various concentrations to the fish water in order to determine the 

mortality rate and their effect on different parts (body axis, eye, snout, jaw, otic 

vesicle, notochord, heart, brain, somite, fin, morphometrics) of the embryonic zebra 

fish. Since, the study was done in order to determine the effect of these particles on 

human health, so data indicating the effect of these particles on heart and brain of 

the embryonic zebra fish was of utmost concern. Figure 5.2 shows the process 

involved in collecting the toxicology data using embryonic zebra fish. 
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Figure 5.2. Toxicity screening of the embryonic zebra fish to silicon nitride 
nanoparticles 
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5.4.1.1 Waterborne Exposure 

In waterborne exposure, the embryos were continuously waterborne exposed at 

28°C at 8 hpf (hours post fertilization) in individual wells of a 96-well plate at final 

concentrations of 0, 16, 80 and 400 parts per billion (ppb) and 2, 10, and 50 parts 

per million (ppm) for each type of silicon nitride nanoparticle. Exposures were 

started at 8 hpf to ensure coverage of gastrulation and organogenesis, the periods of 

development most well conserved among vertebrates. Twelve (N=12 per treatment) 

embryos were used for this study and the data was collected at 24 hpf (hours post 

fertilization) until 120 hpf or 5 days. 

 

5.4.1.2 Microinjection Exposure 

For microinjection exposures, 8 hpf embryos were arranged in agarose molds and 

injected with 2 nl of 50 or 250 ppm nanoparticle solution (~0.1 and 0.5 ng, 

respectively) using a picoliter injection system (WPI, Inc., Sarasota, FL). Sham 

injections were performed using fish water lacking nanoparticles.  After injection, 

embryos were transferred to clean fish water in individual wells of a 96-well plate 

and incubated at 28°C until 120 hpf. Similar to the waterborne exposure, the 

toxicology data was collected for twelve embryos at 24 hpf (hours post 

fertilization) until 120 hpf or 5 days.  
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CHAPTER 6 

RESULTS AND DISCUSSION 

 

6.1 Silicon monoxide and ammonia vapor supply 

Several experiments revealed that the generation of SiO vapor was controlled by 

the flow of argon gas through the bed SiO pieces. It was found that the mass of SiO 

pieces hardly decreases unless there was a flow of argon gas through them. So, it 

was concluded that the reaction between SiO and ammonia started when the argon 

gas was passed through the bed of SiO pieces placed on the top plate of the 

microreactor and the reaction ceased when the flow of argon gas was shut-off. 

However, when the flow rate of argon is kept constant, the SiO generation rate 

depends only on the mass of SiO particles initially placed on the top plate of the 

microreactor (Vongpayabal et al.). Since, ammonia dissociates into nitrogen and 

hydrogen at high temperatures, the method of supplying maintaining high 

concentration of ammonia gas through the channels of microreactor into the 

reacting zone plays an important role for in the ammonolysis of silicon SiO vapor 

to synthesize silicon nitride nanoparticles (Lin and Kimura et al.). The dissociation 

of ammonia may also result in formation of whiskers on the channel walls of the 

microreactor. To overcome this problem, the extruded body of the microreactor was 

made using porous alumina (50-60% porosity), which resulted in ammonia gas 

entering the hot reaction zone both through the channels and pores of  
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Figure 6.1. Silicon nitride nanoparticles collected on the filter 

paper at different flow rates of ammonia 
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the extruded body. 

 

6.2 Silicon Nitride Nanoparticle Yields 

The silicon nitride nanopowder synthesized due to the reaction between ammonia 

and SiO at high temperature in the microreactor was collected in 0.5 micron pore 

size filter papers. Figure 6.1 shows images of the nanopowder samples obtained at 

different gas flow conditions. The nanopowder so obtained was carried along with 

the exhaust gases thorough the gas outlet which is further connected to the filter 

paper through soft copper tubings. It was indicated by several experiments that total 

amount of the silicon nitride nanoparticles collected in different filter papers was 

much less than the mass of SiO pieces placed on the top plate of the microreactor. 

This less amount of silicon nitride nanoparticles collected may be due to the 

attachment of these particles to the reactor walls or carrying away of the 

nanoparticles along with the exhaust gases through the filter paper. However, the 

major objective of this study were to validate the design microchannel reactor for 

synthesizing silicon nitride nanoparticles and to demonstrate the feasibility of using 

porous alumina as a material for fabricating the microreactor, so a detailed analysis 

was not done in this research. Also, small amounts of the nanoparticle yields and 

small decrease in the mass of SiO did not allow for an accurate analysis of the data. 
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Figure 6.2. TEM image for flow-rate of 2000cc/min 
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Figure 6.3. TEM image for flow rate of 4000cc/min 
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6.3 Nanoparticle Analysis and Characterization Results 

6.3.1 Transmission Electron Microscopy Analysis (TEM) 

The silicon nitride nanoparticles collected in powder form on different filter papers 

due to the reaction between SiO and ammonia at high temperature in the 

microreactor were characterized using Transmission Electron Microscopy at 

Portland State University. Figure 6.2 and Figure 6.3, show the TEM images of the 

silicon nitride nanoparticles obtained at constant argon gas flow and different flow 

rates of ammonia ranging from (1000-4000 cc/min) at a stable furnace temperature 

of 1350°C.  

 

The TEM images for different samples may also contain some SiO particles. This 

was due to the fact that during the ammonolysis reaction the SiO was not fully 

consumed to form silicon nitride nanoparticles (Lin and Kimura et al.). This 

unreacted SiO vapor may have condensed back to the solid state to form nano-sized 

SiO particles which were observed during the TEM analysis. The content of SiO in 

the total amount of nanopowder obtained at the end of reaction can be measured by 

the decrease in the mass of final product due to thermal treatment at 1350°C. This 

is because the SiO remaining in the nanopowder samples has high vapor pressure 

and hence it sublimates (Vongpayabal et al.). However in this research, since the 

total amount of nanopowder produced was very less, so it was not possible to find 

the content of SiO particles using the above method. Also, since the major objective 

of this research was to demonstrate the efficiency and feasibility of the design of  
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the microreactor in producing silicon nitride nanoparticles, so no experiments were 

conducted to know the content of SiO particles. 

 

6.3.2 X-ray Diffraction Analysis (XRD) 

X-ray diffraction analysis of the final product nanopowder was performed at 

Oregon State University in order to determine the chemistry and the proportion of 

the different constituents present in the nanopowder sample. Figure 6.4 shows XRD 

charts of the different nanopowder samples obtained at constant argon gas flow and 

different flow rates of ammonia ranging from (1000-4000 cc/min) at a stable 

furnace temperature of 1350°C. The XRD data for all the samples except for the 

sample-0 indicated peaks of amorphous silicon oxy-nitride particles, thus 

confirming the formation of Si3N4 nanoparticles. The peaks of silicon oxy-nitride 

were observed because the Si3N4 nanoparticles before doing the XRD analysis were 

exposed to atmosphere, and so the hydrolysis of these particles resulted in 

formation of silicon oxy-nitride. However, an extraneous peak was also observed in 

all the samples except for the sample-4, which might be due to deposition of 

impurities on the filter paper.   

 

6.4 Effect of Flow Rate 

The flow rate determines the residence time of reactants in the hot reaction zone of 

the microreactor and hence the total reaction time. At lower flow rates, the reactants 

mix and remain inside the hot reaction zone for longer periods of time resulting in  
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Figure 6.4. XRD charts of the different nanopowder samples obtained at 

different flow rates of ammonia  
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the formation of the larger particles, provided the reagents are not fully consumed 

before exiting the microreactor. The ammonolysis of SiO vapor in the microreactor 

is carried out by maintaining a constant flow rate of argon (240 cc/min) and varying 

the flow rate of ammonia from 1000-4000 cc/min at a constant temperature of 

1350°C. Since, ammonia dissociates into nitrogen and hydrogen at high 

temperatures, so insufficient amount of ammonia during the reaction with SiO may 

result in formation of whiskers on the reactor walls thus decreasing the production 

of silicon nitride nanoparticles. In order to avoid this problem, ammonia gas was 

supplied at a flow rate atleast 3-4 times higher than that of argon gas. 

 

Figure 6.2 and Figure 6.3 show the TEM images of the silicon nitride nanoparticles 

obtained at different flow rates of ammonia. It can be seen from the figures that as 

the flow rate of ammonia increase, the particle size decreases. This is because 

higher the flow rates of the reactants; the shorter is their residence time in the hot 

reaction zone which leads to the formation of higher number of smaller particles. In 

other words, higher flow rates support a shorter nucleation phase compared to the 

growth time, which is favorable for a narrow particle size distribution (Wagner et 

al.). 

 

6.5 Toxicology Test Results 

The handling of nanoparticles in a safe and environmentally friendly manner has 

been one of the major concern in the production of these particles, because these 
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particles when inhaled may cause several health hazards to human beings.  

 
So, toxicology tests were conducted by Dr. Robert Tanguay and Dr. Stacey Harper 

in the Department of Environmental and Molecular Toxicology at Oregon State 

University on an embryonic zebra fish to identify the effects of human exposure to 

nanoparticles on the health of human beings. Embryonic zebra fish was chosen for 

this study because it’s easy to maintain and it shares many molecular, cellular, and 

physiological characteristics with other vertebrates. In addition, the embryonic 

zebra fish is more responsive to the chemical alterations and allows in vivo 

visualization of the biodistribution.  

 

The toxicity screening was performed by adding silicon nitride nanoparticles in 

different concentrations to the fish water. Waterborne and microinjection-exposed 

embryos were evaluated at 24 hpf for viability, developmental progression and 

spontaneous movements (earliest behavior in zebrafish).  At 120 hpf, larval 

morphology (body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, 

somite, fin, morphometrics) was scored and behavioral endpoints (motility, tactile 

response) were thoroughly evaluated in vivo.  Since, the study was done in order to 

determine the effects of the nanoparticles on human health, so data indicating the 

effects of these particles on heart and brain of the embryonic zebra fish was of 

utmost concern.  
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6.5.1 Waterborne Exposure Results 

Table 6.1 (refer appendices) shows the effect of various concentrations of each type 

of silicon nitride nanoparticle on different parts of the embryonic zebra fish. It can 

be seen from the Table 6.1 that J-107F and J-106F type of silicon nitride 

nanoparticles didn’t show much effect on the heart and brain of the embryonic 

zebra fish both at 24 hpf and 120 hpf. However, 2 out of 12 embryonic zebra fish 

died at 24 hpf, and 4 out of remaining 10 developed heart related diseases when 

exposed to 50 ppm concentration of J-104F type silicon nitride nanoparticles at 120 

hpf. Although, the mortality rate was constant from 24 hpf to 120 hpf, but there was 

a high probability that both the fish died due to heart related disease. However, no 

accurate data analysis was done to confirm this possibility. Figure 6.5 shows the 

effect of toxicity of silicon nitride nanoparticles on the heart of the embryonic zebra 

fish. 
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Figure 6.5. Effect of toxicity of silicon nitride nanoparticle on the heart of 
embryonic zebra fish 
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6.6.2 Microinjection Exposure Results 

Table 6.2 (refer appendices) shows the effect of various concentrations of each type 

of silicon nitride nanoparticle on different parts of the embryonic zebra fish in case 

of microinjection exposure. For J-104F and J-106F type of silicon nitride 

nanoparticles at 250 ppm concentration, 1 out of 12 embryonic zebra fish seem to 

have developed heart related diseases. On the other hand, for J-107F type silicon 

nitride nanoparticles at 250 ppm concentration, 1 out of 12 embryonic zebra fish 

died for 24 hpf. The mortality rate in this case, however increased to 3 for 120 hpf.  

Also, 3 out of 12 embryonic zebra fish developed heart related diseases at 250 ppm 

concentration of J-107F type silicon nitride nanoparticles. 

 

6.7 Discussion 

The main focus of this research was to validate the efficiency and feasibility of a 

multi-channel microreactor in synthesizing of silicon nitride nanoparticles at high 

temperature upto 1400°C. It has been proved that microreactor manufactured using 

fully dense and porous alumina is capable of performing gas-phase reactions 

successfully between SiO and ammonia at high temperatures (1350°C) without any 

kind of problems such as, formation of whiskers and plugging of the 

microchannels.  
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Owing to its portability, this microreactor will allow reducing the number of steps 

between synthesis of nanoparticles and nanoparticle shape forming, thus resolving 

several issues related to environmental and health safety due to handling of silicon 

nitride nanoparticles. Currently the microreactor results in pure but low yields of 

nanoparticles. So, in order to increase the production of nanoparticles, the 

microreactor will be made scalable by increasing the number of microchannels in  

all the three parts, namely the top plate, the bottom plate, and the extruded body of 

the microreactor. 

 

Furthermore, the amorphous silicon nitride nanoparticles are prone to oxidation 

when exposed to the atmosphere and have to be stored and handled in inert 

conditions (Weeren et al., Kim et al.). Therefore, the compact size of the 

microreactor will allow for synthesis to be located at the point of use (in situ 

synthesis). The reaction product from the microreactor will be directed into a 

compaction press for fabricating components for further sintering. Integrating the 

microreactor to a compaction press using a sliding feed shoe will allow for creating 

net-shaped components from nanoparticles directly after synthesis. Figure 6.6 

shows an example of the integration of nanoparticle synthesis with nanoparticle 

consolidation. The feed shoe will have 2 inlets- the first inlet will be connected to 

the reactor, while the second inlet to a lubricant delivery system that tribostatically 

applies an organic lubricant on the inside of the die to reduce friction at the die-  
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Figure 6.6. Integration of bulk synthesis with nanoparticle consolidation 
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Figure 6.8. Integration of microreactor to an injection molding machine 
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Figure 6.8. Different costs involved in fabricating a 75mm x 75 mm x 100 μm 

microchannel device using different fabrication methods (Porter et al.) 
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wall. 
 
 

The lubricant will also provide protection of the compacted nanoparticles prior to 

sintering. The press will be placed in an inert air / moisture-free chamber to avoid 

nanoparticle exposure.  

 

This work can be further extended by integrating the microreactor directly to 

conventional powder processing techniques such as mixing, injection molding, and 

extrusion in order to obtain the fully sintered part. Figure 6.7 shows the integration 

of microreactor to an injection molding machine. 

 

Further advantages of proposed microreactor design may result from cost reduction 

by mass production of modular microreaction systems. To obtain large production 

rates however, many such modules must be assembled which in turn increases the 

patterning cost. Patterning process is the cost driver while fabricating a micro-

reactor as seen in figure. Figure 6.8 shows the different costs involved in 

fabricating a 75 mm x 75 mm x 100 μm microchannel device using different 

fabrication methods like photochemical machining (PCM), blanking (BLK).  

 

As seen in the figure 6.8, patterning cost makes the most portion of the total cost 

involved in fabricating a microreactor. So another key benefit of the alumina 

microreactor is the low patterning cost involved, because the number of plates to  
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pattern are reduced to just 3 as compared to normally used several hundred plates 

or shims in other microreactors. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE SCOPE 

 

7.1 Conclusions 

Microreactors offer tremendous promise as a generalized platform for portable and 

distributive systems for energy generation, chemical and pharmaceutical 

production, and environmental remediation. On the other hand, nano-sized 

materials find applications and opportunities in variety of fields due to the 

development of new phenomena, properties, and processes on the nanoscale. Thus, 

the synthesis and properties of nanoparticles have attracted considerable scientific 

and commercial interest. Silicon nitride nanoparticles in particular, have attracted 

much attention in various fields due to their unique properties. However, due to 

difficulties in controlling the reaction parameters and particle morphology and thus 

obtaining highly pure and stable nanoparticles in bulk using different synthesis 

processes, the applications and economics of silicon nitride nanoparticles are 

limited.  

 

In this study, a multi-channel alumina microreactor was designed and fabricated to 

synthesize silicon nitride nanoparticles with controlled size and shape attributes 

via the ammonolysis of SiO vapor at temperatures ranging from 1300oC to 

1400oC. All the parts of the microreactor were designed using 3D CAD softwares 
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SolidWorks and AutoCAD, while it was fabricated using fully dense and porous 

alumina by different patterning techniques such as laser machining, tape casting, 

and extrusion.  The microreactor was then tested in a horizontal tube heating 

furnace by performing gas-phase reactions between SiO and ammonia at high 

temperatures up to 1350°C. SiO vapor was directly generated from amorphous SiO 

pieces, and then carried by argon gas into the hot reaction zone of the microreactor 

where the reaction with ammonia takes place. The effects of different flow rates of 

ammonia, and the residence time of reactant gas mixture in the uniform 

temperature zone of the microreactor on the particle characteristics and 

morphology were investigated experimentally. The results of this research are 

summarized below- 

 

1. The multi-channel alumina microreactor manufactured for this research 

was successful in synthesizing silicon nitride nanoparticles by 

ammonolysis of SiO vapor without any problems, such as plugging of the 

microchannels with whisker particles. 

2. The microreactor could be operated at high temperatures up to 1350°C in 

the furnace. This demonstrated the advantages of using alumina as a 

material for fabricating the microreactor 
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3. The use of advanced processing techniques such as extrusion, tape casting, 

and laser green machining is useful for microreactor fabrication in terms of 

lamination and bonding simplification 

4. Reduction in the design and fabrication complications by using extruded 

body of the microreactor with multiple microchannels  

5. The use of porous alumina for the extruded body of the microreactor 

resulted in entering of the ammonia gas through the pores of extruded 

body. Due to this, no dissociation of ammonia was observed during the 

reaction between ammonia and SiO. 

6. The mean particle size of silicon nitride nanoparticles decreased with an 

increase in the feed rate of supplying ammonia 

 

7.2 Technological Impact and Contributions 

The microreactor fabricated in this research has made some significant 

contributions to the field of microreaction technology.  

 

Design 

1. It is the first high temperature ceramic microreactor capable of working at 

high temperatures upto 1600°C, due to high temperature stability of 

alumina. 
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2. The microreactor used in this research provides a new design paradigm by 

using just three plates with multiple microchannels, instead of stacking a 

number of plates together. So, even if the number of channels in this design 

can be increased to hundred and thousands to increase its productivity, the 

number of plates will still be three. 

3. The design of the microreactor involves low fabrication cost as the number 

of plates to pattern was reduced to just three as compared to normally used 

10-100 plates or shims in other microreactors.  

4. This microreactor demonstrates the effectiveness of using multiple channel 

arrays in synthesizing silicon nitride nanoparticles  

5. Owing to its compact size, it allows for in-situ synthesis of nanoparticles 

thus avoiding several human safety and health concerns related to handling 

of these particles.  

 

Fabrication  

1. This microreactor shows the advantages of using a combination of 

advanced manufacturing processes such as laser machining, tape casting 

and extrusion in manufacturing the microreactor with multiple 

microchannels. 
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2. The microreactor used in this project, demonstrates the uniqueness of using 

porous alumina as a material for fabricating the extruded body of the 

microreactor. The porous microchannel walls simplify the use of multiple 

flows by diffusing the reactant gas in the microreactor both through the 

pores and channels of the extruded body.  

 

Testing 

1. This microreactor due it small dimensions and hence reduced reaction 

volume, provides a better control over the diffusion length and residence 

time and resulting in better control over the particle morphology such as 

size, shape and size distribution.  

 

7.3 Future Scope 

The alumina microreactor used in this research was successful in synthesizing 

silicon nitride nanoparticles. However, further work can be done to realize mass 

production of nano-sized silicon nitride particles via ammonolysis of SiO vapor. 

Following are some recommendations for future study. 

 

1. To modify the design by changing the dimensions of the microreactor i.e., 

the diameter of the plates, length of the reaction zone, and diameter of the 

holes 
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2. To improve the quality of plates obtained using laser machining by using 

different laser beams such as Nd:YAG (Neodimium Yittrium Garnet Laser) 

3. To use a different heating furnace such as the box furnace with small hot 

reaction zone in order to provide more localized heating to the microreactor 

resulting in better control over the particle growth 

4. To model and simulate the gas flow phenomena in microchannel reactors 

and refine the simulation with experimentally determined kinetics, product 

yields and nanoparticle characteristics 

5. To produce measurable amount of silicon nitride nanoparticles so as to 

evaluate the SiO content in the final product  

6. To integrate the microchannel reactors directly with a compaction press so 

as to avoid the handling of nanoparticles, thus resolving several health 

related issues 

7. To minimize the reactivity and exposure of nanoparticles to atmosphere by 

synthesize the nanoparticles directly at the point of use by integrating the 

microreactor with powder processing techniques such as mixing, molding, 

and extrusion  and obtain the sintered parts  

8. To synthesize different non-oxide ceramic nanoparticles such as, titanium 

nitride (TiN), silicon carbide (SiC), aluminum nitride (AlN), and gallium 

nitride (GaN) by varying the reactant gas streams.  
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