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ABSTRACT 

 

SUJITHRA CHANDRASEKARAN.  Additive Manufacturing of 3D printed SiC Composites:  

Strengthening and densification through Surface Modification and use of Mineral Binders.  

(Under the direction of DR. AHMED EL-GHANNAM) 

 

 

Manufacturing of dense SiC composites counts mainly on the thermal oxidation of the carbide 

into silica. The irregularity of the silica layer and its limited thickness weaken the bond between 

particles and diminish the good thermo-mechanical properties of SiC making it highly 

unfavorable for many applications.  In the present study, a novel sintering method to produce 

highly dense and strong SiC composites using mineral binders such as cordierite and spodumene 

is introduced. To overcome the poor quality of the silica layer formed by thermal oxidation we 

chemically created a silica gel layer by alkali treatment. Rapid prototyping of ceramic bodies 

using the powder binder jetting technique has been gaining attention in the past few years to 

overcome the manufacturing difficulty of SiC. However, obtaining green bodies without damage 

and maintaining the structural integrity of the printed discs is a challenge. In this work, the 

following areas are addressed: i) a route for densifying and strengthening the powder bed binder 

jet-printed SiC through the mixing of particles of different sizes, formation of siloxane bonding, 

secondary surface modification, and sintering, ii) strengthening and densification of SiC 

composites using mineral binders using powder metallurgy technique, and iii) realizing the 

properties of SiC-mineral binder composites for space mirror and thermal applications. Part (ii) 

of the project was preliminary work done in order to realize the outcomes of SiC-mineral binder 

composites in strengthening so that it can be adopted into additive manufacturing mentioned in 

part (i). Future work will involve the inclusion of SiC-mineral binders into the feedstock in a 
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powder bed binder jet in order to reduce the voids between the interspace of SiC particles and to 

have a strong interfacial region comprising of mineral binders that can fuse the SiC particles 

together and densify the printed part. This eliminates the need for the post-processing techniques 

such as melt infiltration, polymer impregnation, or chemical vapor infiltration.  

                    SiC ceramics are 3D printed into cylindrical discs in a powder bed binder jet using a 

water binder. In this method, SiC of an average particle size of 40 µm was surface activated with 

NaOH to form a silica gel layer at room temperature, to which, 30% of 2 µm and 600 nm SiC 

particles were added and mixed homogeneously through milling. The presence of OH- ions in 

silica gel, creates a repulsion between SiC particles which eliminates agglomeration of particles 

upon spreading. The mixing of coarse and fine particle sizes reduced the percentage porosity by 

50%. The as-printed green part was heat treated to 650 °C for 5h to create siloxane bonding 

which provided an improved handling strength. The heat-treated parts were then impregnated in 

various concentrations of NaOH to create silica gel through secondary surface activation. SEM 

images showed that the impregnated samples had more silica nucleation droplets that gave rise to 

silica nanowires upon sintering at temperatures between 800 °C – 1000 °C. The silica nanowires 

are responsible for fusing the SiC particles and bridging the pores. The optimum NaOH 

concentration for secondary surface activation, sintering temperature, and dwell time were 

determined. Moreover, the formation of nanowires under an oxygen environment proved that 

silica nanowires can be formed at a temperature as low as 800 °C, and in air, the discs are 

oxygen deprived which hinders the growth of silica nanowires. Hence the mechanism of the 

growth of nanowires was found to be similar to the solid-vapor phase deposition.                                                               

Cordierite and spodumene are silicate minerals that are known for their excellent thermal 

properties namely nearly zero thermal expansion coefficient. SiC is a ceramic with excellent 
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mechanical and thermal properties. SiC, Cordierite, and Spodumene are materials that are 

considered for space mirrors, mirror substrates, and high-temperature applications. However, the 

glass ceramic form of Cordierite and Spodumene are less considered for space applications due 

to their poor stiffness and fracture toughness. On the other hand, SiC is highly considered for 

such applications however manufacturing them is a challenge considering their high melting 

point and hardness. Hence, in this work, a combination of SiC and the mineral format of 

cordierite and spodumene is introduced as SiC-mineral binder composites. SiC-mineral binder 

composites are 80% SiC and 20% Cordierite or Spodumene minerals prepared through the 

powder metallurgy technique. SiC-mineral binder composites were found to have good 

mechanical and thermal properties and can be a promising candidate for space mirror 

applications. SiC-mineral binders were combined with 1% of NaOH, pressed at 250 MPa, and 

heat treated to 1200 °C for 8 h. The SEM-EDX analysis showed a strong interfacial region of 

cordierite or spodumene fusing the SiC particles together. The fracture mechanism was found to 

be transgranular which is due to the strong interfacial bond that was created by the atomic 

diffusion of Si and Al at the grain boundary of SiC and the mineral interface. The 

characterization involves the comparison of SiC-mineral binders to the control SiC-cristobalite 

without mineral binders. The phase analysis from XRD showed the presence of cordierite, 

spodumene, and cristobalite phases. A transformation of β-SiC to α-SiC was also observed. A 

slight shift in the d-spacing, the lattice constants, and crystallite size was observed as a result of a 

solid solution of phases. The density and porosity of these composites were measured using 

Archimedes and mercury porosimetry. Further pore size analyses were done using SEM and 

ImageJ analysis. The results showed that the introduction of mineral binders reduced the pore 

size and the porosity percentage. The compressive strength of the SiC-Cordierite and SiC-
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Spodumene was 282.57 MPa and 184.58 MPa which was much higher than the control SiC-Cris, 

97.45 MPa. The average compressive strength of SiC-Cord was three times higher than control 

SiC-Cris (p < 9.7 x 10-7) and two times higher than that of SiC-Spod (p <0.003). Moreover, the 

average compressive strength of the SiC-Spod was significantly higher than that of the control 

SiC-Cris (p <9.8 x10-7). Elastic modulus was found using the nanoindentation technique and was 

380.54 GPa and 341.04 GPa for SiC-Cord and SiC-Spod composites. Thermal shock resistance 

is an important factor for materials to qualify for space applications. SiC-mineral composites 

showed excellent thermal shock resistance and dimensional stability when quenched from 1200 

°C to room temperature. A thermal expansion coefficient of 3 x 10-6 /K was obtained for both 

SiC-Cord and SiC-Spod composites. The SiC-mineral composites were polished to a mirror 

finish. The surface roughness of areas comprised of SiC particles and the mineral binder without 

pores measured using atomic force microscopy was 20.89 nm. The mean roughness of the SiC 

microconstituent in the SiC-Cord composite was found to be 2.37 ± 0.28 nm. Owing to these 

excellent thermos-mechanical properties, SiC-mineral binder composites are promising 

candidates for space mirror applications, mirror substrates, substrates for high-temperature 

devices, and catalytic converters. Also, porous SiC-mineral binder composites can be used as 

gas/fuel filters for automobile industries.           
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CHAPTER 1: INTRODUCTION 

1.1. Background and Motivation  

Dense and porous Silicon Carbide (SiC) ceramics and composites are used in a wide range of 

applications that require high thermal, mechanical, and electrical stability, excellent corrosion, 

and wear resistance [1-8]. However, manufacturing SiC through conventional powder metallurgy 

technique techniques is often challenging. Due to the covalent bonding between Si and C, they 

have a high melting point. Hence high temperatures, pressures, and controlled atmospheres are 

required during sintering to manufacture SiC ceramic with good mechanical and thermal strength 

[9]. Other techniques to manufacture SiC at relatively low temperatures involve thermal 

oxidation [10-13], pressureless sintering [14-18], and the addition of sintering additives [18-21]. 

Some applications like biological scaffolds, ballistic armor, space mirror substrates, and ceramic 

filters involve complex geometries [22, 23]. Manufacturing of complex geometries through the 

conventional route involves machining or molding. Machining SiC is a challenge due to its 

extreme hardness and abrasiveness. Molding a pre-form utilizes polymer resin which can cause 

shrinkage to the final product. upon debinding and sintering. Hence, the additive manufacturing 

route is considered feasible for the manufacturing of SiC ceramics or composites [24-28]. 

Additive manufacturing (AM) enables 3D printing of complex geometries from a CAD model. 

Multiple direct AM methods were realized for the printing of SiC such as selective laser 

sintering (SLS), selective laser melting (SLM), stereolithography (SL), direct ink writing (DIW), 

and binder jetting (BJ). Among these techniques, the binder jetting technique was found to be 

easier to manufacture complex geometries of SiC as it does not require, i) polymer additives that 

cause shrinkage of the part upon sintering and it doesn’t require, ii) high laser power to melt SiC, 
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and iii) ceramic slurry, where the amount of ceramic used is less. Binder jetting also allows the 

mixing of different ceramic particles and additives that can help in the densification and 

strengthening of the printed part [29].   

 

1.2. Silicon Carbide and conventional manufacturing  

Silicon Carbide (SiC) is a compound of Silicon and Carbon that are covalently bonded to 

each other which makes it stronger and thermally stable as its melting point is around 2730 ⁰C. 

SiC is industrially manufactured for many applications included the production of ceramics with 

outstanding mechanical properties. The above-mentioned properties of SiC make them a 

reasonable alternative to pure metals for space mirror applications [30,31]. Similar deflection 

amplitude was achieved with only fewer support points in SiC mirrors than glass ceramic mirrors 

as SiC is much stronger than glass materials. SiC mirror manufacturing is a multiple step process 

that includes: Molding, Machining and Cladding. In molding, the carbon fibers are impregnated 

in phenolic resin to near-net geometry. The green body is then milled and machined to obtain 

desired shape. To this, molten liquid silicon is infiltrated to form C/SiC mirror blank. Cladding is 

a coating phase where SiC layer is coated either through reaction bonding, chemical vapor 

deposition, or chemical vapor infiltration techniques. Following cladding, these substrates are 

grounded finely and polished to obtain mirror like surface. Hot pressing, high temperature 

sintering and foaming are other manufacturing techniques adopted to manufacture SiC mirrors 

[31-35]. However, these techniques involves a lot of manufacturing difficulties such as: i) drying 

of the large scale blanks lead to shrinkage (>10%) and introduction of cracks, ii) sintering 

requires high temperature >1600 ⁰C so that large furnaces and controlled atmospheres are 

required, iv) risk of material failure during milling in the light-weighting process, iii) 
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temperature un-uniformity occurs during sintering due to the large size of the mirrors, iv) 

polishing difficulties in SiC can only be polished with diamond powder and requires a different 

technique than the traditional glass polishing [34,35]. Due to these manufacturing difficulties, 

composites such as Metal-Matrix composite (AlBeMet), SiC/Al, Si/SiC, hybrid carbon fiber-

reinforced SiC (HB-Cesic) composites are preferred than pure metals and ceramics [36-38].  

Light-weighting is a crucial step in mirror design as it involves milling and machining the mirror 

material to complex geometries. The three predominant mirror designs are arched mirrors, open-

back mirrors and sandwich mirrors. Machining of these complex geometries to high precision 

greatly increases the manufacturing cost. Hence, additive manufacturing (AM) is recently 

considered in the development of mirror systems as it requires less material consumption, less 

manpower which reduces the manufacturing cost [39-45].  

 

1.3.  Binder Jetting of ceramic powders: Pros and Cons 

In the binder jetting technique, the ceramic powders are spread layer by layer and every layer 

and particle are bonded together through a liquid binder [29,46]. Binder jetting technique doesn’t 

require any support part unlike other printing techniques, the requirement of sacrificial material 

is minimal and it is highly scalable. However, the major disadvantage of this technique is that the 

printed part is usually highly porous [47]. To overcome the porosity of the printed part, post-

processing such as sintering, chemical reaction, infiltration and isostatic pressing are carried out. 

Each technique has its own advantage and disadvantages. Sintering is usually done at high 

temperatures and the elimination of solid/vapor interfaces during sintering removes voids and the 

space between particles [48]. Sintering density greatly depends on the green density of the 

printed part. If the printed part has poor density, sintering would not improve the density any 
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further [49]. The green density of the printed part depends on the particle size of the powder 

feedstock. Fine (0.5 μm) and coarse particle sizes (10 μm) of alumina were tested to understand 

the effect of particle size on the density of the green part and the sintered part. It was observed 

that the green parts that were printed from fine and coarse particles showed same green density, 

however, upon sintering the parts printed with fine particles showed a density of ~99% compared 

to the ~58% obtained from the part printed from coarse particles [50,51]. However, the parts 

printed with coarse particles showed minimum volume shrinkage upon sintering, comparatively. 

The other technique of densification involves mixing of a metal additive [52-55] to the feedstock 

such that the molten additive can fill the interspace, immersing the printed parts in phosphoric 

acid to obtain calcium phosphate and phosphate bonds [56], immersion of silicone increased the 

density up to 87.01 % in the printed upon sintering at 1200 ⁰C for 1 h. This immersion technique 

cannot be performed on the larger parts as it involves mass transport of the reagents [57]. Hence, 

an infiltration technique is carried out, where a molten metal [58,59] is poured into the porous 

printed part. Infiltration of metals can lead to formation of weak secondary phases that can have 

a negative effect on the strength of the composite. Other infiltration techniques are solution 

infiltration and precursor infiltration where fine powder of the same printed material are mixed 

with a solvent (for solution) and with an aqueous solution of the material which undergoes 

hydrothermal reaction upon heat treatment. Disadvantage in both techniques are the amount of 

solution infiltrating would be non-homogenous. Maleksaeedi et.al., found that the depth of 

infiltration decreased when the amount of solid loading was increased [60]. Cold isostatic (CIP) 

or hot isostatic (HIP) techniques were used to apply equal pressure on the printed with water, oil 

or gas as a medium [61-64]. Isostatic pressing can significantly increase the strength of the 

printed part however this technique is not suitable for complex geometries. Moreover, even with 
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the printing modifications and post-treatments, there is not enough studies on spreading behavior 

of fine powders. Challenges in spreading with fine particles are identified as interparticle 

cohesion (i.e., van der Waals or electrostatic attraction). Hydrogen bonding and capillary 

bridging can also play a huge role in spreading and densification of fine particles that are 

unfortunately not addressed in many researches [47]. 

 

1.4. SiC for optical mirrors 

Optical mirrors are used in space telescopes and satellites for various astronomical and earth 

science observations. Space mirrors are used to power satellites by deflecting sun’s energy and 

energy from the moon is beamed to earth by microwave or laser for energy restoration. Space 

mirrors are further used for illuminating earth for urban lighting, nighttime agricultural work, 

agricultural enhancements such as weather stabilization, precipitation management, bio-

enrichment, crop drying and desalination [65].  

 

1.5. Material criteria for space mirrors  

Space mirrors undergo different kinds of material degradation factors such as thermal stress, 

radiation and charging, space debris and oxidation due to atomic oxygen. These factors can 

negatively impact the thermo-mechanical behavior of the mirrors leading to failure. Therefore, 

failure to choose the right material for space mirrors can even lead to the early failure of the 

satellites and the mission [66]. Considering the material degradation, the materials for space 

mirrors are required to have: low density, high specific stiffness, high thermal conductivity, and 

low coefficient of thermal expansion (CTE) [67]. Conventionally, Beryllium (Beryllium O30), 

Aluminum (Aluminum 6061) and Titanium metals are used as space mirrors due to their 
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lightweight, excellent strength, polishing capabilities and low machinability [68]. However, these 

metals release toxic gases during processing and are found to have poor thermal stability. On the 

other hand, glass ceramics and fused silica are preferred such as they have low thermal 

expansion and good thermal stability. Ultra-low expansion glass (e.g., ULE®) or extremely low 

expansion glass ceramic (e.g., ZERODUR® or CLEARCERAM®), or ultra-low thermal 

expansion ceramic NEXCERATM are currently used mirror materials that are glass ceramics and 

fused silica [68-71]. The major disadvantage of glass ceramics are low mechanical strength and 

high charging. Glass ceramics are mostly dielectrics and are prone to charging due to space 

radiation. The charge build up can cause optical discharge that can lead to loss of transmittance. 

Hence, a conductive layer of indium-tin-oxide is coated to eliminate the mirrors from charging 

[72]. Apart from glass ceramics, Silicon Carbide ceramics (Boostec® SiC) are used as mirror 

materials. as they possess excellent properties such as high strength and elastic modulus, high 

hardness, low thermal expansion, corrosion resistance, and low density.  

 

1.6. Additive manufacturing of lightweight mirrors 

Mirror components are also 3D printed and they can also be used for stress polishing for 

the creation of free-form super-smooth optics [73]. Also, lightweight structures that has 

honeycomb structures, topology optimized structures and periodical structures can also be 

additively manufactured as they have complex geometries [74-78].  
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FIGURE 1.1. (a) arched mirror; (b) open-back mirror; (c) sandwich mirror [43] 

 

Metal powders such Aluminum, beryllium and titanium are easily printed through 

stereolithography (SLA or DLP), direct ink writing (DIW), fused deposition modeling (FDM), 

selective laser sintering (SLS), selective laser melting (SLM) and laser powder bed fusion 

(LPBF). However, metals are still less considered for mirror applications as they are thermally 

unstable and not resistant to atomic oxygen. Hence SiC ceramics and composites are 3D printed 

mostly using SLA, DLP and binder jetting (BJ) techniques. Printing that requires laser and high 

power such as SLS, SLM, FDM cannot be used for SiC as they have a high melting point of 

2730 ⁰C and requires high power for laser to melt SiC. FDM, DIW, and Stereolithography 

techniques use polymer or resin medium to enable the printing of complex geometry. However, 

the amount of ceramic used in these techniques is small and the sintering process is non-

homogenous [29]. Hence, additive manufacturing through binder jetting technique is found 

suitable for printing SiC ceramics and composites, as it doesn’t require wires, fibers, or slurries 

like other techniques. Binder jetting also allows colors to be applied to the parts and a mixture of 

ceramic powders (different ceramics and particle sizes) can be used. This eliminates many post-

processing steps and reduces manufacturing costs [46].  
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1.7. Problem Statement 

This dissertation focused on additive manufacturing of SiC using powder bed binder jetting 

technique without the use of polymer or chemical binders. Also, to realize a SiC composite with 

excellent thermo-mechanical properties that can be additively manufactured for space mirror 

applications without the need of controlled atmospheres, high pressures, and temperatures. To 

obtain this end, we developed two methodologies:  

 

Aim 1: Develop a post-processing protocol for the powder bed binder jet printed SiC.  

To successfully 3D print SiC through powder bed binder jet using water binder, we adopted 3 

routes: i) to surface activate the coarse particle size (~40 µm) to form the silica gel layer (Si-OH) 

and mixed with finer particle sizes such as 2 µm and 600 nm such that the finer particle sizes 

would mechanically fill the pores at the interspace between the particles and layers. Also, the 

OH- ions helps preventing agglomeration of particles as it creates a zeta potential that repels the 

particles from contact ensuring even spreading of the powders, ii) the printed SiC parts were heat 

treated at 650 °C to create siloxane bonding that enables good handling strength to the parts such 

that the excess from the parts can be cleaned without affecting the structural integrity, iii) surface 

activate the part by impregnating it in NaOH to create more silica gel, this technique was named 

as secondary surface activation. These post-processing steps enabled formation of Si-O 

nucleation droplets which formed silica nanowires upon sintering at 1000 °C that bridge the 

pores and interspace enabling strength to the printed part.  
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Aim 2: Develop a SiC composite with mineral binders to obtain maximum strength and 

densification. 

To enhance the density and strength of the SiC composites, we synthesized cordierite 

(magnesium aluminum silicate) and spodumene (lithium aluminum silicate) mineral binders 

from scratch. Cordierite and spodumene are rock-forming minerals characterized by low thermal 

expansion coefficient, thermal shock resistance, and good mechanical and thermal stability and 

are used as mirror materials. The ability of Cordierite and spodumene to serve as binders for 

surface active SiC was studied. From aim 1, it was understood that the silica gel layer can 

promote reaction with mineral binders to establish in situ mineralization at the interface between 

SiC particles. We mixed particles of cordierite and spodumene to surface activated SiC to form 

SiC-Cordierite and SiC-Spodumene composites. The silica gel promoted an atomic diffusion of 

Si and Al at the interface of SiC and the mineral binder which created a strong interface between 

SiC particles. Upon sintering, the liquid phase of the mineral binder, filled the pores 

mechanically reducing the porosity percentage and the pore size. Hence, the composite was 

densified and thereby it imparted strength to the composite. The thermo-mechanical properties of 

these SiC-mineral binder composites were studied in detail to realize its use as space mirror. This 

composite is developed in such a way that, this mechanism can be extended to additive 

manufacturing by adding cordierite or spodumene as non-sacrificial ceramic additives. 

 

1.8. Dissertation Structure and Outcomes  

The densification and strengthening mechanisms developed in this dissertation combines two 

manufacturing techniques of ceramics or composite preparation: i) additive manufacturing and ii) 

powder metallurgy. Adoption of two techniques for the same end goal suggests the versatility of 
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the developed processes. Chapter 2 (Paper 1) presents the studies on the development of the post-

processing technique for printing SiC in powder bed and optimization of parameters such as 

concentration of NaOH for secondary surface activation, sintering temperature, and dwell time. 

The importance of oxygen environment in the growth of silica nanowires at low temperature (800 

°C) was studied. The post processed 3D printed discs were characterized for density, compressive 

strength, the formation of Si-O and SiO2 as a result of post-processing were analyzed by Fourier 

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and elemental 

analysis (EDX). Chapter 3 (Paper 2) presents the studies on densification of SiC using mineral 

binders such as cordierite and spodumene. The ability of Cordierite and spodumene to serve as 

binders for surface active SiC was studied. The mechanism of the failure, interface and the strength 

were studied. Finally, Chapter 4 (Paper 3) presents studies to realize the mechanical and thermal 

properties of the SiC-mineral binder composites measured as a function of processing parameters 

and polishing ability of the composites was established to serve as a future space mirror material 

and for high temperature applications. In addition to the three mentioned journal papers, three 

other papers are published in this Ph.D. research which are: 

1. Chandrasekaran, S., El-Ghannam, A., Monroe, J. A., & Xu, C. (2022, October). Thermo-

Mechanical Properties of SiC-Mineral Binder Composites for Space Applications. 

In ASME International Mechanical Engineering Congress and Exposition (Vol. 86656, p. 

V003T04A004). American Society of Mechanical Engineers. 

2. El-Ghannam, A., Chandrasekaran, S., & Sultana, F. (2021). Synthesis and characterization 

of a novel silica nanowire reinforced SiC thermal material. Journal of Solid-State 

Chemistry, 297, 122055. 
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3. El-Ghannam, A., Chandrasekaran, S., & Sultana, F. (2021). Mechanism of epitaxial growth 

of silica nanowires reinforcing agent in porous SiC scaffold. Procedia Manufacturing, 53, 

535-560. 

 The hypothesis of chapter 2 and 3 of the thesis was to expand the mineral binder composite into 

3D printing using powder bed binder jetting technique. However, due to the constraint of printing 

small quantities in projet460Plus is difficult, we were unable to print this composite. To realize 

the versatility of this composite, 3D printing of SiC-mineral binder composite was tried in a 

Bison1000 Digital light printing (DLP) with different loading ratios (in Appendix). The depth 

curing tests were successful however, the printing was not. More experiments need to be conducted 

to successfully print this composite in DLP.    
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CHAPTER 2: (PAPER 1) NOVEL STRENGTHENING AND DENSIFICATION 

TECHNIQUES OF POWDER BED BINDER JET PRINTED SiC COMPOSITES  

Authors 

Sujithra Chandrasekaran, Prithiviraj Shanmugam, Konstantinos Falaggis, Ahmed El-Ghannam 

 

2.1. Introduction 

Advanced ceramics are used recently as a replacement for metals in a wide range of 

applications, such as automobile industries as (automotive sensors, heatshield, brakes, shock 

absorbers, and engines), aerospace industries as (seals, thermocouples, gas turbine engine 

components, and ion propulsion systems), defense industries as (armors and missile domes), 

electronic industries as (circuit breakers, heat sinks, inductor and resistor cores, sensors, 

substrates to hold high temperature components), and  biomedical engineering as (knee and hip 

components, orthodontic devices, dental implants, tissue scaffolds, drug delivery devices, 

medical pumps and valves). The excellent properties such as high mechanical strength and 

hardness, good thermal and chemical stability, and viable thermal, optical, electrical, and 

magnetic performance make them such versatile materials [1,2].  

Silicon carbide (SiC) ceramic and composites are known for their excellent thermo-mechanical 

properties such as high strength and stiffness, high thermal conductivity, low thermal expansion, 

and low density. SiC is versatile in many applications ranging from aerospace [3-6], 

semiconductors [7,8], power devices [9,10], nuclear reactors [11-13], and biomedical devices 

[14,15]. However, the strong covalent bond between Si and C possess extreme difficulties in 

manufacturing complex structures that are required for such applications. The complex 
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geometries are usually processed through the powder metallurgy technique where the ceramic 

powders are sintered at high temperatures and pressures and then machined, or they are molded 

to the desired shape before sintering (slip, tape, and gel castings) [16-18]. In the former 

technique, machining of SiC is difficult and expensive and would require a tool that is harder 

than SiC like BN or diamond [18]. The latter technique involves resin that needs debinding and 

sintering which could largely affect the final geometry of the ceramic due to expansion or 

shrinkage caused during sintering. Hence, the 3D printing technique is most preferred for the 

manufacturing of SiC ceramics and composites with complex structures. Also, 3D printing 

would be cost-effective as it requires less material consumption and manpower.  

Research has been made to produce highly dense and complex geometries of 3D printed SiC 

using various additive manufacturing techniques such as binder jetting, stereolithography (SLA 

or DLP), direct ink writing (DIW), fused deposition modeling (FDM), selective laser sintering 

(SLS), selective laser melting (SLM) and laser powder bed fusion (LPBF). Of all these 

techniques, laser sintering techniques such as SLS, SLM, and LPBF require high laser power as 

SiC has a melting point of 2730 ⁰C. FDM, DIW, and Stereolithography techniques use polymer 

or resin medium to enable the printing of complex geometry. However, the amount of ceramic 

used in these techniques is small and the sintering process is non-homogenous [19]. Hence, 

binder jetting is found suitable for printing SiC ceramics and composites, as it doesn’t require 

wires, fibers, or slurries like other techniques. Binder jetting allows colors to be applied to the 

parts and a mixture of ceramic powders can be used. This eliminates many post-processing steps 

and reduces manufacturing costs [20]. In the binder jetting technique, the ceramic powders are 

spread layer by layer and every layer and particle are bonded together through a liquid binder. 

Even though the printing of SiC is possible through binder jetting, the printed parts are mostly 
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porous. The porosity of the printed part is attributed to the printing parameters, the particle size 

of the powders, the shape of the powders, and the binder material. Flowability, wettability, and 

reactivity are affected by the above-said parameters. To improve the flowability, SiC particles 

were plasma sprayed to make them spherical however spherical shapes are found to produce 

porous parts compared to irregular particles. Irregularly shaped particles with coarse particle 

sizes were also found to increase the wettability of the ceramic. Powder-to-binder reactivity is 

also important in creating dense parts upon printing. Fine particle size with a large surface area 

produces better reactivity with the binder [21-25]. Even with careful considerations of particle 

size, shape, and printing parameters, oftentimes the printed parts from binder jetting are porous 

and would require a post-densification step like phenolic resin impregnation and pyrolysis, and 

pressureless, reactive melt infiltration of Silicon. The printed part was impregnated in multiple 

cycles in phenolic formaldehyde to create carbon residue, debinded, and sintered for each cycle 

at 190 °C and 850 °C for 30 min each. To this part, Si melt was infiltrated through capillary 

forces at 1670 °C to form SiC [26,27]. However, polymer resin impregnation pyrolysis can 

induce shrinkage, and it can form undesirable phases depending on the atmosphere in which the 

pyrolysis is carried out. On the other hand, molten Si can induce cracks in the printed part due to 

thermal shock and the formation of weak secondary phases. In some cases, ceramic powders like 

Al2O3, SiO2, or Poly Vinyl Alcohol (PVA) are added to the feedstock to increase the packing 

density by reducing the voids between particles. However, the removal of the additives is 

difficult, and it affects the amount of base material that needs to be printed [28,29].  

In this paper, we report a successful printing of SiC composite through powder bed binder jetting 

technique by, i) surface activation of the coarse particles (~40 µm) to create a silica gel layer, ii) 

mixing the coarse particles with finer particles of average sizes 2 µm and 600 nm to fill the voids 



22 

 

between layers and interspace, iii) heat treatment at 650 °C to create siloxane bonding to improve 

the handling strength of the printed part, iv) secondary surface activation of the printed part to 

produce more silica nucleation, v) growth of silica nanowires to bridge the pores and fuse the 

SiC particles by sintering at relatively low temperature in the range of 800 °C – 1000 °C without 

any external pressure or controlled atmosphere. Studies on optimizing the concentration of silica 

gel, sintering temperature, and dwell time were carried out. The strength of the composites was 

improved by 100% for the 3D printed discs that were treated at 650 °C, secondary surface 

activated in 10% and 20% NaOH and heat treated at 1000 °C. The advantage of this technique is 

that no polymer or ceramic additives are required such that the debinding and shrinkage can be 

eliminated. This novel innovation produces SiC composites with crystalline silica nanowires that 

produce dimensionally stable SiC printed discs which can potentially eliminate the expansion 

and the crack formation of the composite caused by Si melt infiltration. 

 

2.2. Materials and Methods 

 

FIGURE 2.1: Steps involving 3D printing of SiC in powder bed and the post-processing for 

strengthening 
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2.2.1. Pretreatment of the Silicon Carbide Particles in Sodium Hydroxide  

2.2.1.1. Preparation of NaOH solution 

Silicon Carbide (US Nano research, Houston, TX, USA) with an average particle size of 

40 μm weighed out into 1 kg increments. Dry sodium hydroxide pellets (Sigma Aldrich, St. 

Louis, MO, USA) were weighed out on a balance to 200 g increments to make a 20% sodium 

hydroxide mass by volume solution in nano pure water. Each 200 g increment of sodium 

hydroxide was put into a 500 mL beaker with a stir bar on a magnetic stirrer. 250 mL of 

nanopure water was added to the beaker and the stir bar was turn on to the low setting (250 rpm). 

The dissolution of NaOH pellets is an exothermic reaction which makes the container warm. The 

contents were poured into a 1 L graduated cylinder and nanopure water was added until the 

solution was exactly 1 L.  

 

2.2.1.2. Immersion treatment of SiC in the NaOH solution: 

After the solution had cooled, the SiC powder (~1 Kg) was poured into a plastic 5-gallon 

bucket in such a way that 75% of gallon was filled and 25% was left empty to enable milling. 

The 1 L of the 20% sodium hydroxide solution was added to the 5-gallon bucket (contains 1.75 

Kg) and a commercial power drill with a paint mixer with 1-3/4" spiral blade, was used to mix 

until homogenous slurry is formed in approximately 30 mins (each cycle). The ratio of sodium 

hydroxide to silicon carbide is 1L of 20% sodium hydroxide to 1 kg of silicon carbide powder.  

The bucket was covered with a lid to prevent any evaporation and left for 24 h. 

 

 

 

https://www.google.com/search?rlz=1C1GCEV_en___US866&q=St.+Louis&si=ACFMAn86XkhxzOC35jo3k1ec_mUa4PwHgnEtN6tbGWMWaJ9RAmbIoNM-I7CdacoW9LRhYtsQ-5yJTLYerfpqkCZbVWMcIKvJMBF8BmJuUlnqJTueUaGY4MOlS12dvx6S6XOOiLcajSImxT-jRAyroHkDoU57QD5uUTn2_r5hzvtIyYdrFngtOQEhxyYa5ED4Bna6UYU2-QYQ&sa=X&ved=2ahUKEwjk7uC6o4eAAxXfmWoFHdI7ApsQmxMoAXoECEUQAw
https://www.google.com/search?rlz=1C1GCEV_en___US866&q=St.+Louis&si=ACFMAn86XkhxzOC35jo3k1ec_mUa4PwHgnEtN6tbGWMWaJ9RAmbIoNM-I7CdacoW9LRhYtsQ-5yJTLYerfpqkCZbVWMcIKvJMBF8BmJuUlnqJTueUaGY4MOlS12dvx6S6XOOiLcajSImxT-jRAyroHkDoU57QD5uUTn2_r5hzvtIyYdrFngtOQEhxyYa5ED4Bna6UYU2-QYQ&sa=X&ved=2ahUKEwjk7uC6o4eAAxXfmWoFHdI7ApsQmxMoAXoECEUQAw
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2.2.1.3. Washing and drying procedures of the SiC particles:  

The solution was decanted, where the particles were washed by adding 1 L of nanopure 

water per kg of silicon carbide and the particles were resuspended using power driven paint 

mixer for 10 min continuously. Then the solution was left to settle for 24 h.  The silicon carbide 

solution was decanted, and washing was repeated three times until the pH of the SiC suspension 

lies between 10 and 11. To measure the pH, (6 gm) of the washed (wet) SiC particles was taken 

and resuspended in 30 ml of fresh nano pure water and the pH was measured with a pH probe 

(until it stabilizes).  8 oz (236 mL) of 70% isopropyl alcohol per kg of silicon carbide was added 

to the wet silicon carbide. This was not stirred and left to dry overnight in the chemical fume 

hood to facilitate removal of the moisture left over in the wet silicon carbide powder.  

The semi-dry particles were taken from the 5-gallon bucket and placed in a large plastic tray to 

dry in the chemical fume hood which helps increase the surface area exposed to air overnight. 

After drying, the Silicon Carbide forms a crust like layer, which is hard on the surface and loose 

inside. To disaggregate the particles, the material was transferred to a closed plastic container 

and milled using 100 g alumina beads of diameter 13 mm for 4 hours in a roller mixer. After the 

powder is taken out of the mill, it was sifted to remove the alumina beads and then sifted again 

using a 200 μm sieve. The powder was taken and put in plastic trays and placed in a drying oven 

heated to 100 °C for 12h. The SiC powder was taken out, allowed to cool to room temperature 

and re-milled in the roller mixer to break the clumps using the same process above. The powder 

was then used for 3D printing according to the protocol below.  
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2.2.2. Nano-Micro SiC mixture preparation  

The surface-activated powder prepared in section 2.2.1. was mixed with 15 weight % 2 microns 

and 15 weight % of 600 nm SiC particles. The submicron particles were added to fill the 

interspace between the large particles during printing. Quartering is a process to blend the 

powders of different particle sizes to obtain a homogenous mix and was done in 2 batches. For 

every batch, 70% of pre-treated SiC 40 μm powder was mixed with 15 weight % 2 microns and 

15 weight % of 600 nm SiC particles. The blended SiC powders from the two batches were 

combined and fed into the plastic jar with 13 mm diameter alumina balls in a roller mixer for 1 h 

to ensure complete mixing of both batches. The milled powders were then sieved using a mesh 

with an opening of 425 μm. The sieved mixture of nano-micro particles was fed into the feeder 

with the help of vacuum suction. The 3DProjet460Plus comes with an auger roller inside the 

feeder which also enabled a thorough mixing of the powders before printing. After mixing of the 

coarse and fine particles, the particle size of the SiC particles were measured by randomly 

spraying the particles onto the double-sided copper tape using a brush. Then, the copper tape 

with the particles were stuck to the sample holder and 20 SEM images of each sample were 

captured. Using these SEM images, the particle size was then measured using ImageJ software. 

The average and the standard deviation of these samples were obtained which measured 16.23 ± 

3.00 μm, 19.30 ± 6.84 μm and 13.81 ± 4.64 μm for SiC not surface activated, SiC pre-treated 

with 20% NaOH and 3D print powder of SiC (40 μm + 2 μm + 600nm). The large standard 

deviation and the average did not seem convincing. Other techniques such as conventional 

solvent evaporation method and DLS were tried for particle size measurement. However, they 

were not successful either as in the former, the fine particle sizes flew out as the solvent (ethanol) 

reduces the adhesion between the copper tape and the particles and in the later, due to the 
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absence of the Brownian movement in SiC, the coarse SiC particles settled at the bottom of the 

quartz vial which made it difficult to obtain any measurement. 

 

2.2.2.1. Measurements of Particle size 

After mixing the coarse and fine particles, the particle size of the SiC particles were measured by 

randomly spraying the particles onto the double-sided copper tape using a brush. Then, the 

copper tape with the particles were stuck to the sample holder and 20 SEM images of each 

sample were captured. Using these SEM images, the particle size was then measured using 

ImageJ software. The average and the standard deviation of these samples were obtained which 

measured 16.23 ± 3.00 μm, 19.30 ± 6.84 μm and 13.81 ± 4.64 μm for SiC not surface activated, 

SiC pre-treated with 20% NaOH and 3D print powder of SiC (40 μm + 2 μm + 600nm). The 

large standard deviation and the average did not seem convincing. Hence, other techniques such 

as conventional solvent evaporation method and DLS were tried for particle size measurement. 

However, they were not successful either, as in the former, the fine particles flew out from the 

copper tape as the solvent (ethanol) reduces the adhesion between the copper tape and the 

particles, and in the later, due to the absence of the brownian movement in SiC, the coarse SiC 

particles settled at the bottom of the quartz vial which made it difficult to obtain any 

measurement. Hence particle size measurements are not reported in this paper.      

   

 2.2.3. 3D printing with Pro-jet  

The digital image of the disc of diameter 10 mm and a length of 7 mm was designed 

using Creo Parametric 3D modeling software. The digital image was then converted to a 3D part 

by converting it to an STL file (Figure 2.2).  
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FIGURE 2.2: Isometric view of 3D printed SiC modeled samples using Creo Parametric  

 

The surface activated 40 µm SiC particles prepared according to the protocol described in 

section 2.2.1 were mixed with 15 weight % SiC particles of an average size 2 µm and 15 weight 

% SiC of an average particle size 600 nm. The actual weight of these three SiC particle size 

ranges were 13.6 Kg (40 μm) 2.7 Kg (2 μm) and 2.7 Kg (600 nm) used in this printer. SiC discs 

of diameter 10 mm and a height of 7 mm were 3D printed using the powder bed binder jetting 

technique in a Projet460Plus printer from 3D systems. Prior to printing, the service station was 

vacuumed and cleaned, and the debris collector was cleaned 2-3 times in order to remove any 

blocks caused by the fine particles. Before every printing, the particles in the feeder were 

fluidized using an Auger mixer that is available inside the feeder. This ensures that the mixture is 

homogenously combined before spreading onto the build bed. For every printing, the powder 

was fetched from the feeder by the carriage rails and spread out evenly by a roller. The build bed 

was raised to 8” and the build bed was filled with a thick base of SiC particles. The build bed 

was designed in such a way that it can lower or raise by itself with respect to the dimension of 

the part specified. After the build chamber was filled, the machine clears out the debris from the 
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overflow, rear flow, and debris collector. The machine starts printing after this step. The STL file 

was sent to the printer using the 3DPrint software. About 72 layers were printed for each disc 

with a layer thickness of 102 µm. For every layer, the aqueous binder (with anaerobic bacteria) 

by 3D systems was sprayed by the printer to adhere to the layers. After printing, the parts rested 

inside the build bed for 24 hours. 

 

2.2.3.1. Effect of particle size on porosity 3D printed SiC discs 

 

In order to understand the effect of mixing different particle sizes on the packing of the 3D 

printed sample, a batch of the 3D printed discs of dimensions 5 mm x 7 mm of pre-treated 40 μm 

from section 2.2.1 were printed the same way as mentioned in section 2.2.3 but with a Z-Corp 

printer (3D systems, Rock hill, SC). The printed samples were then heat treated to 900 ⁰C for 2 

h. A batch of samples from section 2.2.3 was also heat treated at 900 ⁰C for 2h without any 

further impregnation in NaOH. Scanning electron microscope (SEM) images were compared. To 

measure the porosity percentage the pre-treated 40 μm powders and nano-micro mixture 

prepared in section 2.2.1 were hand pressed without any external compact pressure to mimic 3D 

printed samples. The surface images were captured using SEM and analyzed using ImageJ 

software.  

 

2.2.3.2 Effect of NaOH treatment on the 3D printed SiC discs 

 

The green parts from powder bed binder jet were heat treated to 650 ⁰C for 5h at a rate of 10 

⁰C/min and impregnated in various concentrations of NaOH (1%, 5%, 10% and 20%) for 10 

mins and dried on a kim wipe to remove the excess from the outer surface of the printed discs. 



29 

 

These discs were sintered at 800 ⁰C for 2h (to understand the growth of nanowires), 1000 ⁰C for 

2h (to obtain the maximum density at all concentrations). The width of the bonding zone 

between SiC particles with respect to different concentrations of NaOH (1%, 10% and 20%) 

were studied at room temperature and after heat treatment at 650 ⁰C for 5h (see section 2.4.5).  

 

2.2.3.4 Thermal treatment protocol 

 

The green discs were heat treated to 650 ⁰C for 5h at a rate of 10 ⁰C/min to obtain 

sufficient handling strength. The handling strength is believed to be obtained by the conversion 

of the silica gel (in the pre-treated SiC 40 m powder) to amorphous SiO2 at this temperature. 

The excess particles around the printed part were removed using air pressure. The discs (n=10) 

were then impregnated (immersed) in (10 mL) 20% NaOH solution for 10 minutes and removed 

from the solution, excess solution was drained by paper tissue then dried in air.  The impregnated 

parts were then sintered at different temperatures, dwelling times, and environments. 

 

2.2.3.3.1. Effect of temperature 

To study the effect of temperature on the 3D printed discs, the discs were sintered at 

various temperatures 800 ⁰C/2h, 900 ⁰C/2h, and 1000 ⁰C/2h in a ThermolyneTM (Thermo 

Scientific, Vernon Hills, IL) muffle furnace.  

 

2.2.3.3.2. Effect of oxygen environment 

The effect of oxygen in the densification and strengthening of the 3D-printed SiC discs 

was studied. 3D printed SiC discs were heat treated at 650 ⁰C for 5h for obtaining structural 

integrity prior to secondary surface activation in 20% NaOH solution for 10 min. The 
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impregnated discs were then heat treated again to 650 ⁰C for 5h to obtain amorphous silica 

formation. These discs were then sintered at 800 ⁰C for 2h in a tube furnace under vacuum. 

During sintering, 50 sccm of O2 was supplied to create an oxygen environment to obtain an 

efficient conversion of SiO to SiO2 as stated in Eq. (2.1) below.  

2𝑆𝑖𝑂(𝑔) + 𝑂2(𝑔) → 2𝑆𝑖𝑂2(𝑠)      (2.1) 

 

2.2.4. Characterization Procedures 

2.2.4.1. Morphology analysis SEM-EDS 

The growth of nanowires and the porosity characteristics (18 images each) of the 

thermally treated 3D printed discs, were analyzed by JEOL 6480 Scanning Electron Microscope 

(SEM, JEOL USA, Waterford, VA), and the elemental composition was determined using 

Energy Dispersive Spectroscopy (EDS). The sintered discs were sputter coated (Denton vacuum, 

Moorestown, NJ, USA) with gold (10 nm thickness) and scanned in a secondary electron mode 

at 20 kV with a working distance of 10 mm. The elemental composition of the nucleation sites 

and nanowires were analyzed by EDX and presented as atomic percentages.  

 

2.2.4.2. Mechanical test 

The compressive strength of the 3D printed discs was calculated from the stress-strain 

curve obtained by compressing thermally treated discs (n=7) uniaxially using an Instron machine 

(Instron 5582, Norwood, MA) at a rate of 0.02 in /min until failure.  
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2.2.4.3. Density 

The density of the sintered discs was measured using the Archimedes principle and the 

mercury porosimetry technique. For the Archimedes method, the dry weight of the sample and 

the weight of the sample in the auxiliary liquid (deionized water) of all samples were measured 

at ambient atmospheres. The density was calculated using the Eq. (2.2): 

𝜌 =  
𝐴

𝐴−𝐵
 (𝜌0 − 𝜌𝐿) + 𝜌𝐿      (2.2) 

where,  

ρ = density of the sample,  

A = weight of the sample in air,  

B = weight of the sample in the auxiliary liquid,  

ρ
0
 = density of the auxiliary liquid,   

ρ
L
= density of the air (0.0012 g/cm3).  

 

2.2.4.4. Porosity analysis  

The width and length of the pores and the nanowires were measured using the SEM 

software (JEOL instrument software) installed with the JEOL 6480 Scanning Electron 

Microscope. The porosity percentages were calculated from 17 SEM images of magnifications 

ranging from x200 – x500 and analyzed using ImageJ software developed by the National 

Institute of health sciences (LOCI, University of Wisconsin).  

 

2.2.4.5. Effect of NaOH concentration on the thickness of the bonding zone 

SiC particles from the 3D print feedstock (prepared in section 2.2.2.) were pre-treated 

with 1%, 10% and 20% NaOH and hand pressed without any compact pressure to mimic 3D 
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printing. The width of the silica gel layer of these samples are labeled as room temperature 

samples. After the width measurements, the samples are then heat treated at 650 ⁰C for 5h and 

the width of these samples are labeled at heat treated samples. The width measurements using 

coherence scanning interferometer are as follows: The widths of the bonding zone comprised of 

the silica layer between silicon carbide particles were estimated from areal surface measurements 

taken using Zygo Nexview coherence scanning interferometer (CSI). CSI is an interferometric 

technique that estimates height maps by evaluating the changes in interference signal strength in 

relation to its optical coherence while scanning in the vertical direction. The instrument used was 

a Zygo Nexview with a 50x Mirau objective. Since the surfaces of silicon carbide were too 

rough, the measurements were made with CSI rough and oversampling settings. The CSI rough 

setting narrows the bandwidth of the light used, thus increasing the coherence length, to improve 

the quality of the data when measuring rough surfaces but at the cost of vertical resolution. 

Oversampling increases the measurement time enabling the instrument to capture weak signals 

which further increases the quality of the measured surface by reducing data dropouts. Surface 

measurements were acquired at different areas of the part surfaces. By comparing the height map 

with the intensity map, locations of silica gel were identified in each surface measurement. The 

width of silica gel was measured using 1D profile traces between the silicon carbide particles. 20 

profiles were randomly chosen, and the mean and standard deviations were evaluated to 

characterize the width of silica gel layers between silicon carbide particles.  

 

2.2.5. Statistical Analysis 

All mechanical tests and density measurements were completed using n=7 and the results are 

presented as mean +/- the standard deviation. One-way analysis of variance (ANOVA) was done 



33 

 

followed by student t-test for multiple comparisons and P < 0.05 was considered statistically 

significant. 

 

2.3. Results 

2.3.1. Effect of particle size on the porosity of 3D printed SiC discs 

Figure 2.3 is a digital micrograph of the discs printed using the nano-micro SiC mixture in 

ProJet460Plus. Figures 2.4 (a and b) show the SEM surface morphology of the fractured surface 

of 3D printed discs using pre-treated 40 μm SiC particles (Figure 2.4a) and a combination of pre-

treated 40 μm particles along with the 600 nm and 2 μm particle sizes of SiC (Figure 2.4b).  The 

discs from this nano-micro SiC mixture showed better structural integrity, smooth surface and 

less porosity due to the filling of the interspace between coarse particles be the fine SiC particles 

during printing. A batch of discs was hand pressed at minimal pressure to replicate the 3D-

printed discs. Image J analysis of the SEM Figures 2.5a and 2.5b show that the inclusion of fine 

particles with the 40 m SiC particles reduced the porosity from 10.54 ± 1.66 % to 5.91 ± 1.29 

%.  
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FIGURE 2.3: Digital images of 3D printed discs with the nano-micro combination of particles 

printed in Projet460Plus. The inset shows the magnified image of the printed samples 

 

 

FIGURE 2.4: SEM image of thermally treated 3D printed disc containing a) only surface 

activated 40 µm SiC particles b) 70% of surface activated 40 µm SiC particles with 15% of 2 µm 

and 15% of 600 nm particles 
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FIGURE 2.5: Porosity analysis in ImageJ using SEM micrographs of hand-pressed discs at room 

temperature using a) pre-treated SiC 40μm powders and b) nano-micro SiC mixture. 

 

2.3.2. Effect of NaOH concentration on the structure and properties of the 3D-printed SiC discs  

Immersing thermally treated SiC discs in NaOH then subjecting the samples to a second 

heat treatment at 800-1000 ⁰C resulted in the formation silica droplets which served as 

nucleation sites for the growth of silica nanowires (Figure 2.6). As the NaOH concentration  

increased the number of the nanowires that bridged the wall of the pores increased (Figure. 2.6).  
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FIGURE 2.6: SEM images of the fracture surface of the 3D printed discs from nano-micro 

powder mixture showing nucleation and growth of silica nanowires in the 3D printed samples 

heat treated at 800 °C for 2h 

 

2.3.2.1. Density of 3D printed samples treated with various concentrations of NaOH 

Statistical analysis showed that the density of the samples heated at 800 ⁰C/2h + 10% 

NaOH/10 min + 800 ⁰C/2h is significantly higher (p< 0.002) than that treated with 20% NaOH 

(Figure 2.7) with the same heat treatment protocol. Comparable densities were observed for 

samples treated with 5% and 10% NaOH. Samples treated with 1% NaOH did not keep its 

mechanical integrity during density measurements therefore it was excluded from further 

analysis.  
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FIGURE 2.7: Density data of the 3D printed discs from nano-micro powder mixture, 

impregnated at varying concentrations of NaOH and heat treated at 1000 ºC for 2h, (* indicates 

p<0.05) 

 

2.3.3. Effect of post-processing temperature prior to impregnation on the structure 

2.3.3.1. FTIR analysis 

The 3D-printed discs from the nano-micro powder mixture were separated into two 

batches. The first batch was heat treated to 900 ºC for 2 h and impregnated in 20% NaOH/10 min 

and dried at 100 ºC for 24 h in the drying oven. The second batch was heat treated to 650 ºC for 

5 h and the excess loose particles on the 3D printed discs were removed using a slight air 

pressure connected to the Projet460Plus. These discs were then impregnated in 20% NaOH/10 

min and dried at 100 ºC for 24 h in the drying oven. The samples were heat treated at 650 ⁰C/5 h 

+ 20% NaOH/10 min showed more pronounced bands for (Si-O-Si, Si=O, Si-O, Si-Si, Si≡O and 

silicate rings [30-33]) (Fig. 2.8).  
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FIGURE 2.8: FTIR graph showing the domination of the surface with Silica layer after dual 

treatemnt at 650 ⁰C/5h + 20% NaOH/10 min on the fracture surface of 3D printed discs using 

70:30 nano-micro mixture SiC powders. The identifications of the silicate bands was refernced in 

the literature [30-33]. The 3D printed discs heated at 900 ⁰C/2h + 20% NaOH/10 min showed 

low intesity silicate bands indicating low concetrations of silica on the material surface.    

 

2.3.3.2. Effect of thermal treatment on the thickness of the bonding zone   

Figure 2.9a shows the average width of the bonding zone between SiC particles in discs 

prepared manually by pressing SiC particles pretreated with 1%, 10%, or 20% NaOH and then 

treating them at 650 °C/5 h.  There average bonding zone for particles treated with 1% NaOH 

was 2.07 ± 0.79 m and after heat treatment, the thickness was 2.09 ± 0.73 m. Statistical 

analysis showed no significant difference in the width of the bonding zone before and after 

treatment at 650 ⁰C. On the other hand, the bonding zone between particles pretreated with 10 % 

or 20% NaOH were 5.08 ± 2.49 m and 5.40 ± 1.86 m, respectively which were significantly 

higher (p < 3.06E-09 and p < 8.46E-06, respectively) than that between particles pre-treated with 

1% NaOH at room temperature. After thermal treatment the thickness of the silica bonding zone 

for SiC particles pretreated with 10% NaOH or 20% NaOH were significantly lower than that 
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prior to heat treatment (Table 2.1). Figure (2.9b) and Table 2.1 demonstrates the differences in 

the thickness of the silica bonding zone before and after thermal treatment for the three groups.   

  

FIGURE 2.9: Average width of the silica gel layer between SiC particles in discs before and 

after heat treatment at 650 °C/5h. The particles used to prepare the discs were pretreated with 1, 

10 and 20% NaOH. 

 

TABLE 2.1: Average width of the silica gel bonding zone before heat treatment of 3D printed SiC 

discs in comparison with the width of the silica bonding zone after heat treatment at 650 ⁰C/5h. 

RT =Room temperature, HT = Heat treated 

 

Sample type Average  SD Difference p-value 

1% NaOH_RT 2.07 0.79     

1% NaOH_HT 2.09 0.73 -0.03 0.91 

10% NaOH_RT 5.08 2.49     

10% NaOH_HT 1.67 0.46 3.41 1.02E-07 

20% NaOH_RT 5.40 1.86     

20% NaOH_HT 1.97 0.73 3.43 1.70E-09 
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2.3.3.2.1 Effect of dual heat treatment and second NaOH treatment on mechanical properties of 

the 3D printed SiC discs  

Compressive strength measurements showed a significant (P < 0.001) increase in the 

mechanical strength for 3D printed SiC samples (n=7) subjected to dual thermal treatment at 900 

⁰C/2h before and after impregnation with 20%NaOH/10 min (Figure. 2.10) in comparison with 

control samples subjected to one step thermal treatment at 900 ⁰C/2h without NaOH 

impregnation.   

Moreover, the compressive strength of samples subjected to 650 ⁰C/5h + 20%NaOH/10 

min + 800 ⁰C/2h was significantly higher (P < 0.008) than that of samples subjected to dual 

thermal treatment at 900 ⁰C/2h before and after impregnation with 20%NaOH/10 min or samples 

subjected one step treatment at 900 ⁰C/2h (P < 1.67 E -06).   

 

FIGURE 2.10: Comparison of the average compressive strength of 3D printed discs prepared 

with nano-micro SiC powder mixture and subjected to: single step heat treatemtn at 900 °C/2h, 

dual thermal treatment at 900 ⁰C/2h before and after impregnation with 20%NaOH/10 min and 

dual thermal treatment at 650 ⁰C/5h + 20%NaOH/10 min + 800 ⁰C/2h  
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As Fig 2.10 showed that the 3D printed discs from the nano-micro SiC mixture showed superior 

mechanical strength when subjected to dual thermal treatment at 650 ⁰C/5h + 20%NaOH/10 min 

+ 800 ⁰C/2h. We decided to study the effect of increasing the temperature of the scond heat 

treatment step on the compressive strength.   Statistical analysis showed no significant difference 

in compressive strength between samples treated at 650 ⁰C/5h + 20% NaOH/10 min + 800 ⁰C/2h 

and 650 ⁰C/5h + 20% NaOH/10 min + 1000 ⁰C/2h (Figure 2.11).  The importance of the NaOH 

treatment after the first heat treatment is evident by the comparison between samples thermal 

treated without second NaOH immersion. The compressive strength of samples subjected to dual 

heat treatment at 650 ⁰C/5h + 800 ⁰C/2h was significantly lower (P <1.39E-06) than that treated 

at 650 ⁰C/5h + 20% NaOH/10 min + 800 ⁰C/2h. Moreover, the compressive strength of samples 

subjected to dual heat treatment at 650 ⁰C/5h + 1000 ⁰C/2h was significantly lower (P <0.0003) 

than that treated at 650 ⁰C/5h + 20% NaOH/10 min + 1000 ⁰C/2h (Figure 2.11). The strength of 

3D printed samples treated at 650 ⁰C/5h + 1000 ⁰C/2h was significantly higher than that treated 

at 650 ⁰C/5h + 800 ⁰C/2h.  
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FIGURE 2.11: Average compressive strength of 3D printed discs from nano-micro powder 

mixture before and after impregnation prior to heat treatment. * - p value between samples with 

and without impregnation. ** - p value between the samples without impregnation. 

 

  The measurements on the size of the droplets and growth of silica nanowires 

corresponding to the size of the nucleation droplet on the fractured surface of 3D printed SiC 

discs heat treated at 650 ⁰C/5h + 20% NaOH + 1000 °C for 2h were observed using SEM (Figure 

2.12).  The figure shows various sizes and shapes of silica droplets or crystallites with widths 

ranging from 179 nm to 1.5 μm. Silica nanowires of width ranging from 160 nm to 1.2 μm were 

observed. These observations suggest that the growth of nanowires was directly related to the 

size of the silica droplets (Figure 2.12 b).  Figure 2.13 shows thin to thick nanowires are grown 

at the at the surface of the pores. 
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FIGURE 2.12: SEM image showing measurements on the size of the droplets and growth of 

silica nanowires corresponding to the size of the nucleation droplet on the fractured surface of 

3D printed SiC discs heat treated at 650 ⁰C/5h + 20% NaOH + 1000 °C for 2h. 
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FIGURE 2.13: SEM micrographs of the fractured surface showing the growth of nanowires of 

3D printed SiC discs impregnated in 20% NaOH and heat treated at 1000 °C for 2h 

 

2.3.4. Effect of oxygen environment during sintering and strengthening of the 3D printed SiC 

discs 

The 3D printed discs printed from nano-micro powder mixture were sintered at 650 

⁰C/5h + 20% NaOH/10min + 650 ⁰C/5h + 800 ⁰C/2h in air and in an oxygen environment to 

understand the effect of oxygen in the growth of nanowires. This is a multistep heat treatment 

process and the growth of nanowires in this experiment should not be compared to Figure 2.6. 

Figure 2.14a shows the formation of large nucleation droplets at the same temperature without 

oxygen and on the other hand, Figure 2.14b shows the growth of thin nanowires of an average 

size of 200 nm at 800 °C for 2 h in an oxygen environment. Figure 2.15 shows SEM images of 

the SiO2 droplets after heat treatment at 650 ⁰C/5h + 20% NaOH/10min + 650 ⁰C/5h + 800 
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⁰C/2h in air and in an oxygen environment. Upon heat treatment, the water molecules evaporate 

from the silica gel and the material matures into SiO2 droplets (Figure 2.15b).  On the other hand, 

due to the adequate availability of oxygen, matured silica crystals were formed (Figure 2.15d). 

Even though the density of the silica crystals was comparable with and without oxygen 

environment, the density of nanowires for the samples heat treated in an oxygen atmosphere was 

prominent. The EDX in Figure 2.15 shows the elemental composition of the nucleation droplets 

formed at 800 °C/2h in an oxygen environment having an atomic ratio of 1: 2.4 for Si and O 

showing adequate availability of oxygen to form SiO2 nanowires. 

 

FIGURE 2.14: SEM Micrographs of 3D printed discs heat treated at 650 ⁰C/5h + 20% 

NaOH/10mins + 650 ⁰C/5h + 800 ⁰C/2h showing nanowires and silica crystallites  a) and b) in 

air, and c) and d) in an oxygen environment  
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FIGURE 2.15: EDX analysis of the nucleation droplets on the 3D printed discs a) heat treated in 

oxygen atmosphere after impregnation in 20% NaOH and heat treated at 650 ⁰C/5h + 20% 

NaOH/10mins + 650 ⁰C/5h + 800 ⁰C/2h, b) Loose SiC particles pre-treated with 20% NaOH at 

room temperature and dried in the oven for 100 ⁰C for 24 h.  

 

  

2.4. Discussions 

Porosity is a challenge to eliminate in the powder bed binder jetting technique. Coarser 

particle sizes are generally preferred for powder beds as they are easy to spread in the build bed. 

However, using coarse particles compensates highly for the packing density of the printed part 

due to the creation of pores at the interspace between SiC particles. Hence, the parts printed 

using the powder bed are usually porous due to the poor packing density of the powder upon 

printing [39,40,41]. In this study, the 3D printed discs that were printed only using surface-

activated 40 µm SiC showed high percent porosity and large pore size (Figure. 2.5a). On the 

other hand, mixing of coarser particles of SiC with the finer particles of size 600 nm and 2 µm 

reduced the porosity by 50%. This showed that the inclusion of finer particles mechanically 
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filled the interspace between the pores that were created while printing. It was reported that by 

using bimodal powder mixtures, the powder packing density, flowability, and sintering density 

were tremendously improved. This was also found to reduce the shrinkage of the sintered part 

[39].  

To densify and strengthen the 3D printed SiC green parts, post-processing techniques like 

silicone polymer impregnation, phenolic resin impregnation, pyrolysis, chemical vapor in-

filtration, or reactive melt infiltration were performed [41,42,43]. In some cases, an additional 

carbonization technique is required before the infiltration of silicon to reduce the residual 

silicone content. The residual silicon content is not desirable for high-temperature applications 

and for the production of complex geometries due to the poor dimensional stability upon 

sintering [44]. In this study, we report a secondary surface activation on the 3D-printed discs to 

produce a silica gel layer. Moreover, a pre-sintering heat treatment at 650 ⁰C before the 

secondary surface activation facilitated the formation of Si-O bands (Figure 2.8) which imparted 

handling strength and stability to the green part. Secondary surface activation at various 

concentrations of NaOH showed the formation of thick and dense silica nanowires at 10% and 

20% NaOH concentrations (Figure 2.6). The objective was to select an optimal NaOH 

concentration that enhances densification and mechanical properties based on the rationale that 

the NaOH attacks the network bonding of SiC and forms a silica gel layer. The Silica gel layer 

upon dehydration and heat treatment would facilitate the crystal growth of SiO2. However, the 

densities of discs treated at 5%, and 20% were comparable and did not show a significant 

difference between the groups.  A significant increase in the density was observed for the 

samples treated with 10% NaOH concentration (Figure. 2.7). The reduction of the density of the 

SiC-Silica composite prepared using SiC particles pretreated with 20% NaOH can be attributed 
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to the formation of more silica gel and the presence of a large number of -OH groups [36]. The 

density of pure phases of SiC and SiO2 are 3.2 g/cc and 2.65 g/cc. From the rule of mixtures, the 

composite density was measured from the volume percent of the phases present. Previous 

publications from our lab showed that the 20% NaOH increased the density and strength by 

creating more silica gel and nanowires [34-38]. So, the 3D printed discs were impregnated in 

20% NaOH and then heat treated at various temperatures. Figure 2.11 shows that the 

introduction of secondary surface modification has improved the mechanical strength by more 

than 70% for all temperatures.  

The 3D printed discs that were heat treated to 650 ⁰C for 5 h before impregnation showed a 

100% increase in strength after sintering. At 650 ⁰C, the hydrogen bonding of the silanol groups 

was found to condense to form siloxane bonding which reduces the possibility of the adsorption 

of more -OH groups [45]. The FTIR graph in Figure 2.8 proves this fact. Furthermore, it 

increases the possibility of the adsorption of oxygen molecules to form SiO2. The width of the 

silica gel layer that mediates the bonding between SiC particles was significantly reduced after 

heat treatment at 650 °C for the discs that were treated with 10% and 20% NaOH. The reduction 

in the width of the silica gel layer was attributed to (i) the shrinkage of the silica layer as it 

crystallizes and (ii) the dehydration of -OH from Si-OH while forming siloxane bonding and thus 

fusing the SiC particles together. Due to these reasons, the as-printed part upon heat treatment at 

650 °C showed good handling strength. The large standard deviations in the width measurements 

are because the silica gel formation is non-homogenous within the sample due to using the pre-

sintering step before impregnation also allowing for the reduction of the sintering temperature 

and yet obtaining a better mechanical strength. The mechanical strength was attributed to the 

growth of silica nanowires along the interface and within the pores. Hence, the inclusion of the 



49 

 

pre-sintering step before secondary surface activation greatly improved the strength of the 3D-

printed part upon sintering at relatively lower temperatures.  

The compression strength of the 3D printed samples that are pre-sintered at 650 °C then treated 

at sintering temperatures 800 °C, 900 °C, 1000 °C showed a significant increase in the strength 

at 1000 °C. Temperature facilitates the growth of nanowires which grow within the pores and the 

grain boundaries that densify the material. At 800 °C, the formation of many SiO2 droplets with 

an average height of 0.58 ± 0.12 µm was observed. Whereas, at 1000 °C, the droplet height 

doubled to 1.19 ± 0.18 µm along with the enormous growth of nanowires. It is evident that the 

increase in temperature allowed for the growth of the droplets to nanowires. At 1000 ⁰C, the 3D-

printed discs that were pre-sintered and secondary modified with 20% NaOH showed a 

significant increase in strength from 0.9 MPa (for control) to 5 MPa. Sintering and dwelling are 

crucial parameters for diffusion and crystal growth. Niu et.al. demonstrated an in-situ 

measurement technique of the solid-state sintering process of SiC. It was reported that the 

sintering of irregularly shaped (polyhedron) SiC particles needed more time to sinter as the 

surface diffusion between particles was increased due to a large specific surface area [46]. Hence 

the samples treated at 1000 °C for 24 h after secondary surface modification showed a 

tremendous increase in strength to 11 MPa from 5 MPa (1000 °C/2 h). Two factors that are 

responsible for this increase are, i) the formation of silica gel that helps in enhancing surface 

diffusion as it softens the edges of the SiC particles, and ii) the complete transformation of the 

silica droplets to nanowires. It was interesting to see that the direction of growth is either 

perpendicular or radial to the surface of the droplet and this could be explained by the 

condensation of the SiO (g) either on the top of the droplet or to its sidewalls. The ability of the 

SiO2 droplet to grow silica nanowires depends on many factors including the size and the 
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orientation of the crystals as well as the silicon-to-oxygen ratio within the droplet itself. The 

silica nanowire growth mechanism in this study is similar to the Vapor-solid mechanism. The 

mechanism in this paper is believed to be a self-catalytic growth vapor solid mechanism [47,48]. 

In the surface activation method, the dehydrated Si-OH forms SiO2 droplets which on heat 

treatment release SiO (g) which further reacts with O2 to form SiO2 (s) which is adsorbed to the 

nucleation sites created by the droplets to form silica nanowires (Figure 2.14b and d).  

The formation of SiO2 nanowires requires diffusion and deposition of oxygen onto oxygen-

deprived SiO nucleation droplets (Figure 2.15.). Hence the introduction of an oxygen 

environment promoted the growth of nanowires even at temperatures as low as 800 °C. The 3D-

printed discs that were pre-sintered at 650 ⁰C/5h and secondary modified with 20% NaOH/10 

min were sintered at 800 °C in an oxygen atmosphere. The SEM micrographs (Figure. 2.14.b) 

showed many bright droplets for those samples sintered in oxygen, clearly showing condensation 

of SiO2 and many thin nanowires of atomic ratio 1: 2.4 for Si and O showing adequate 

availability of oxygen to form SiO2 nanowires.  

On the other hand, the samples treated at 650 ⁰C/5h + 20%NaOH/10min+ 650 ⁰C/5h+ 800 °C/2h 

in the air also showed nucleation droplets at their initial stage of crystal growth and few 

nanowire growths due to less availability of oxygen. Hence, introducing an oxygen atmosphere 

during sintering would enhance the growth of silica nanowires at a relatively low temperature of 

800 °C, which are essential in the densification and strengthening of the 3D printed SiC parts. 
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2.5. Conclusion 

SiC composite disc was successfully printed using powder bed binder jetting technique 

with water binder. The surface-activated coarse SiC particles (40 µm) along with sub-micro (2 

µm) and nanoparticles (600 nm) enabled good spreading of the powders and mechanically filled 

the voids between particles. Further, the handling strength was improved by heat treating the as-

printed green parts at 650 °C. The dehydroxylation and the formation of siloxane bonding helped 

in the binding of the particles together. The mechanical strength of the printed discs was 

improved by introducing a secondary surface activation to the printed part which created more 

Si-O droplets for the formation of silica nanowires at 800 °C to 1000 °C. The effect of the 

concentration of NaOH, and at different temperatures were studied. The optimal concentration of 

NaOH, temperature, and dwell time was found to be 10%, 1000 °C, and 2 h. At these parameters, 

the structural integrity of the sample was not affected, meaning, the sample held its dimensions 

without any deformation. The effect of oxygen atmosphere in the growth of silica nanowires was 

studied in comparison to the samples heat treated in air. The fracture surface morphology (SEM) 

and the elemental analysis (EDS) suggested that the oxygen environment can trigger the growth 

of silica nanowires at a relatively low temperature of 800 ⁰C. Overall, the use of nano-micro 

powder mixture, formation of silica gel on the printed discs, and multi-step thermal treatments 

improved the strength of the 3D-printed SiC composite printed using the powder bed binder 

jetting technique.  
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3.1. Introduction  

The difficult processing of pure SiC has prompted the search for the design of a SiC-

composite that preserves the excellent mechanical and thermal properties of SiC including high 

thermal shock resistance, high thermal conductivity, and low thermal expansion. These 

properties are essential for many aerospace applications including mirrors for telescopes [1-7]. A 

successful composite design would have components that can form a strong interfacial bond and 

have comparable thermal and mechanical behavior. Efforts to design SiC composites for optical 

applications included the use of Si as a filler for porous SiC. This approach successfully was 

used to make mirrors for satellites and telescopes. However, limitations for the SiC-Si composite 

include limited mechanical strength and thermal conductivity due to undesirable interfacial 

events including (i) abnormal growth of SiC particles at the interface between Si and SiC, (ii) 

inefficient interfacial bond due to the release of CO and SiO gases during infiltration (iii) the 

aggregation of SiC particles[8], and (iv) the formation of a glassy carbon layer between Si and 

the SiC [9]. Moreover, the relatively low melting point of silicon restricts the use of SiC-Si for 

high-temperature applications. Other trials to enhance the densification and mechanical 

properties of SiC include the addition of sintering aids like MgO, Al2O3, Y2O3, and CaO-
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produced porous structures due to weight loss during processing [10-14].  Taken altogether, the 

above studies relied on producing porous SiC and filling in the pores with molten metal or 

adding sintering aids. 

Several other studies have used SiC fibers to reinforce the SiC matrix [15-17] with variable 

degrees of success.  The rationale for using fibers is that the SiC fibers deflect the cracks and 

thus improve the mechanical properties after processing at high temperatures.  However multiple 

processing steps are needed including, hot pressing at high temperatures in a controlled 

atmosphere with or without sintering additives. The strength of the composite depends on the 

amount of oxidative agents added to facilitate the bonding between the SiC fiber and the SiC 

matrix. The addition of 12-14 wt% oxidative agents resulted in fiber degradation and the 

formation of weak carbide phases that lead to debonding and pull out of the fibers which resulted 

in a reduction in the tensile strength of the composites.  Lowering the oxidative content to < 1 wt 

% resulted in a high tensile strength of 2 GPa after sintering at 1500 °C or higher [18]. Other 

efforts to minimize the SiC fiber degradation employed Al metal powder as a sintering additive 

to facilitate densification at 1700 ⁰C. However, the addition of Al to the SiC-SiC fiber composite 

created a weak interfacial layer made of Al4C3 and Al4SiC4. The weak interfacial bond is 

responsible for the debonding and pullout of the fibers during the mechanical test. Moreover, the 

Al4SiC4 interfacial bond has been associated with a significant increase in the strain to failure 

without affecting the fracture strength.  The increase in the strain under mechanical loading is not 

desirable for optoelectronic applications that require dimensional stability. Thermal shock 

resistance was studied by quenching the sample in water from 700 ⁰C. The study did not measure 

the dimensional stability and reported an increase in the flexural strength after quenching due to 
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the thermal stress that was created due to the differences in the thermal expansion coefficients 

between the fibers and the matrix [19].    

Cordierite and spodumene are rock-forming minerals characterized by low thermal expansion 

coefficient, thermal shock resistance, and good mechanical and thermal stability. However, 

manufacturing pure cordierite bodies is challenged by the need to add sintering aid to get fully 

dense material. The sintering aid lowers the thermomechanical strength and fracture toughness.  

Baitalik et.al., used SiC with different particle sizes prepared porous SiC, and infiltrated the 

material with cordierite sol. The porosity characteristics and mechanical strength of Cordierite- 

SiC composites were studied after sintering at 1300–1400 °C in air. The flexural strength and 

modulus of elasticity increased from ~13 – 38 MPa and ~14 – 23 GPa with the increase in the 

sintering temperature and the decrease in the particle size. The high contact surface area between 

the small-size SiC particles enhanced the formation of SiO2 in the composite which led to the 

formation of a glassy phase. The crystallization of the glassy phase at high temperatures resulted 

in volume shrinkage of the oxide phases which in turn led to an increase in the pore size [20]. 

The percentage porosity measured was 30–36 vol% with an average pore diameter of ~4–22 μm. 

Data in the literature reported variations in the flexural strength of porous samples due to 

variations in the interfacial bond between phases in the composite rather than the porosity 

characteristics [20-22]. 

The effect of spodumene liquid phase sintering on the porosity and density of SiC composite was 

studied [23]. Lu Yuan-Yuan et.al. prepared SiC composites with 25-40 weight percent 

spodumene and reported an increase in density as the spodumene concentration increased upto 

35 % due to pore filling with molten spodumene. A subsequent reduction in density was 

observed at higher concentrations of spodumene due to poor dispersion of the later component 
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which lead to pore formation. A similar explanation for the decrease in the density of 

Spodumene composites with mullite [24] and aluminum titanate [25] was also reported.  

In a previous publication, we activated the surface of SiC particles by creating a thin silica gel 

layer that enhanced densification and strength at relatively low temperatures [26]. This 

mechanism of densification and strengthening of the porous SiC takes place through the growth 

of cristobalite nanowires inside the pores [26-28]. In the present study, we examined the ability 

of Cordierite and spodumene to serve as binders for surface active SiC. The silica gel layer 

mediated a strong bond between SiC and each mineral binder which resulted in high thermal 

shock resistance, dimensional stability, and mechanical properties.    

 

3.2. Materials & Methods 

3.2.1. Preparation of cordierite and Spodumene 

Appropriate amounts of MgCO3, Al2O3, and SiO2 (Quartz) were weighed as per 

stoichiometric ratios to make 40 grams of Indialite (α-cordierite). The weighed ingredients were 

mixed in a planetary ball mill with alumina balls of diameter 5 mm in a powder/ball ratio of 

1:10. Ethanol was used as the solvent medium and its ratio was 20-25% of the mill volume. 

About 25% of the milling jar was left empty after charging all the materials to ensure proper 

milling. The milling was done at 180 rpm for 2 hours. After milling, the milled components were 

transferred to an alumina crucible and dried for 24 hours in a drying oven at 100 ⁰C. After 

drying, the powders were sifted to separate the powder from the alumina balls. The powder was 

heated at 750 ⁰C/1h at a heating rate of 10 ⁰C/min to remove volatile compounds and then the 

temperature was raised at a rate of 1 ⁰C/min till 1400 ⁰C and kept for 2 hours dwelling time to 

create Indialite. Spodumene was prepared following similar preparation procedures. Briefly, 
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appropriate ratios of Li2CO3 11wt%, Al2O3 22wt%, and SiO2 33wt% (Quartz) were milled 

together in a planetary ball mill for 4hrs. After milling, the powder was dried, sifted, and 

calcined at 600 ⁰C/1h at a heating rate of 10 ⁰C/min to remove the volatile compounds, and the 

temperature was raised at a rate of 1 ⁰C/ min to 1000 ⁰C/2h to form Spodumene.   

The prepared cordierite and spodumene compounds were crushed manually into small pieces 

(approximately 10-15 mm) and further crushed into fine particles in the planetary ball mill for 4h 

at 200 rpm with ethanol as the medium. The milled powders were then dried in the drying oven 

at 100⁰C for 24 hours. The balls and the powders were then separated by sifting in the mesh of 

sizes 60, 120, and 200. The final powders that were used to make SiC composites were less than 

75 m.  

 

3.2.2. Preparation of the SiC-mineral composites 

The SiC powder of mean size 40 µm (US research nanomaterials, Houston, TX USA) 

was moistened with 60 µL of 1% NaOH in a mortar and mixed thoroughly with a spatula to 

ensure complete wetting of the particles. Previous studies from our lab showed the formation of a 

silica gel layer on the SiC particles after mixing with NaOH at room temperature [26-29]. The 

cordierite particles (<75 μm) (20 weight %) were added to the NaOH-moistened SiC (80 weight 

%) and thoroughly mixed using the flat side of the spatula, then blended and ground using a 

pestle, until the powder looked homogenous. The homogeneity of the powder was ensured by the 

evenness of the color of the powder mixture. The mixture (1 gm) was pressed uniaxially in a 10 

mm diameter die using a hydraulic press at a compact pressure of 250 MPa and dwelled for 2 

minutes. Discs 10 mm diameter x 6 mm height were prepared and labeled SiC-Cord. A similar 

protocol was used to prepare SiC-Spod. Control SiC discs prepared by pressing SiC particle 
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pretreated with NaOH without any binder were labeled SiC-Cris due to the formation of a 

cristobalite phase that bonded the SiC particles. All discs were dried for 3 hours at 100 ⁰C to 

remove moisture and then subjected to heat treatment in ambient in ThermolyneTM (Thermo 

Scientific, Vernon Hills, IL) muffle furnace at 600 ⁰C/3h followed by treatment at 1200 ⁰C/8 h at 

a rate of 5 ⁰C/min.  

 

3.2.2.1. X-Ray Diffraction Analysis of phase composition 

X-Ray Diffraction analysis (XRD) was used to determine the crystalline structure of each 

composite. A PANalytical X’Pert Pro/MRD was used for all scans. The discs were ground to a 

powder and adhered to a silicon zero background disk with double-sided tape. The scanning X-

ray beam was Ni-filtered Cu K alpha radiation with a wavelength of 1.54 Å. Radiation was 

produced at 45 kV and 40 mA. Incident beam optics included a 0.76 mm divergence slit and a 

0.1 mm receiving slit. Scan time per step was 0.5 sec and the 2θ range was from 5° to 100°.  

Indialite to Cordierite phase transformation was distinguished by the diffraction peaks at 2θ 

between 29⁰ and 30⁰. Indialite has a plain single peak with a distortion index of Δ=0, whereas 

cordierite has multiple peaks with Δ>0. The calculation of the distortion index Δ was done using 

the Eq. (3.1) as mentioned in the literature[31]:  

                Δ = 2θD – (2θA + 2θB /2)                   (3.1) 

where,  

2θA, 2θB, and 2θD  are the deviation of distortion angles in degrees, of the peaks A, B, and D, 

respectively.  
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3.2.2.2. Density Measurements 

The density of the sintered discs was measured using the Archimedes principle and by the 

mercury porosimetry technique. For the Archimedes method, the dry weight of the sample and 

the weight of the sample in the auxiliary liquid (deionized water) of all samples were measured 

at ambient atmospheres. The density was calculated using Eq (3.2) 

𝜌 =  
𝐴

𝐴−𝐵
 (𝜌0 − 𝜌𝐿) + 𝜌𝐿      (3.2) 

where,  

ρ = density of the sample,  

A = weight of the sample in air,  

B = weight of the sample in the auxiliary liquid,  

ρ0 = density of the auxiliary liquid,   

ρL= density of the air (0.0012 g/cm3).  

The theoretical density of each composite was calculated using the rule of the mixture and the 

actual density of each pure phase: SiC (3.2 g/cc), cordierite 3.11 g/cc and spodumene 2.8 g/cc. 

For the mercury porosimetry method, the bulk and the apparent skeletal densities were computed 

by the Autopore V 9600 mercury porosimetry instrument. Relative to mercury porosimetry, bulk 

density is defined as the unit weight per unit volume of material after subtracting the pores larger 

than 180 μm. Skeletal density is usually computed after excluding the volume of all pores larger 

than 0.005 µm.  

 

3.2.2.3. Porosity measurements 

The porosity percent, pore-size distributions bulk, and apparent densities for all samples 

were measured by mercury porosimeter (Model Autopore V 9600, Micrometrics, Norcross, 



64 

 

Georgia). Moreover, the width and length of the pores on the SEM images of the fractured 

surface of the ceramic discs were measured using the SEM software installed in the JEOL 6480 

Scanning Electron Microscope. The average pore size was determined from the analysis of six 

images, each with 10 pore size measurements. 

 

3.2.2.4. Mechanical Properties 

Composite discs (n=7) were compressed uniaxially using an Instron machine (Instron 

5582, Norwood, MA) at a rate of 0.02 in /min until failure. The compressive strength of the 

thermally treated discs was calculated from the stress-strain curve.  

A nano-indentator from Agilent G200, USA was used to measure the Modulus of elasticity of the 

SiC-mineral binder. This method uses a Berkovich diamond indenter tip with the geometry of a 

three-sided pyramid at a maximum load of 50 gf (490 mN) with a hold time of 10s. The 

mechanical properties were derived using the Oliver-Parr technique in which the hardness was 

measured using Eq (3.3),  

H =  
Pmax

Ac
       (3.3) 

where, H is the hardness, Pmax is the maximum load and Ac represents the projected area of 

indentation.  

The elastic modulus was calculated using Eq (3.4)  

1

Em
=

(1−ν2ₛ)

Es
+

(1−ν2
𝑖)

Ei
       (3.4) 

were, 

νs = Poisson ratio of the sample 

νi = Poisson ratio of the indenter 

Es= elastic modulus of the sample 
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Ei= elastic modulus of the indenter 

Em= elastic modulus of the material 

The modulus of elasticity was calculated using the extrapolation technique according to the 

method reported in the literature [31]. The modulus vs displacement was distinguished into three 

parts: i) Initial rising ii) Plateau and iii) falling off. A straight line was drawn to extrapolate the 

plateau region to the y-axis where the displacement equals to 0 which points to the young’s 

modulus of the composite.     

 

3.2.3. Thermal Shock Resistance and Dimensional Stability 

The sintered discs were re-heated at 1200 ⁰C for 30 mins in Carbolite Gero (Verder 

Scientific, Hope Valley, England) furnace and quenched in water at room temperature following 

the ASTM standard for quenching (ASTM:C1525-18). The samples were dried, and dimensional 

stability was evaluated by measuring the change in the diameter and the height of the discs using 

Mitutoyo Digimatic Micrometer (Model: MDC-1” SX, 293-831-30). Moreover, the effect of the 

thermal shock on the crack formation was evaluated by SEM and EDX analysis. The mechanical 

properties were measured as described above.  

 

3.2.3.1. SEM Morphological Studies 

To analyze the microstructure and the fracture surface morphology, the samples were 

sputter coated with gold (10 nm thickness) and analyzed by JEOL 6480 Scanning Electron 

Microscope-Energy Dispersive X-Ray Analysis (SEM-EDX) in a secondary electron mode at 20 

kV with a working distance of 10 mm. The elemental composition of the phases and binding 

zones between particles was analyzed by EDX and presented as an atomic percentage. 
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3.2.3.2. Width of the bonding zone measurements 

The widths of the bonding zone comprised of the silica layer and the mineral binder between 

silicon carbide particles were estimated from areal surface measurements taken using Zygo 

Nexview coherence scanning interferometer (CSI). CSI is an interferometric technique that 

estimates height maps by evaluating the changes in interference signal strength in relation to its 

optical coherence while scanning in the vertical direction. The instrument used was a Zygo 

Nexview with a 50x Mirau objective. Since the surfaces of silicon carbide were too rough, the 

measurements were made with CSI rough and oversampling settings. The CSI rough setting 

narrows the bandwidth of the light used, thus increasing the coherence length, to improve the 

quality of the data when measuring rough surfaces but at the cost of vertical resolution. 

Oversampling increases the measurement time enabling the instrument to capture weak signals 

which further increases the quality of the measured surface by reducing data dropouts. Surface 

measurements were acquired at different areas of the part surfaces. By comparing the height map 

with the intensity map, locations of silica gel were identified in each surface measurement. The 

width of silica gel was measured using 1D profile traces between the silicon carbide particles. 20 

profiles were randomly chosen, and the mean and standard deviations were evaluated to 

characterize the width of silica gel layers between silicon carbide particles. According to the 

above-mentioned procedure, the width of the bonding zone for the control SiC-Cris treated with 

1% NaOH was measured at both room temperature and at 1200 °C.  
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3.2.3.3. Statistical Analysis 

All mechanical tests and density measurements were completed using n = 7 and the 

results are presented as mean +/- the standard deviation. One-way analysis of variance 

(ANOVA) was done followed by Tukey’s HSD test for multiple comparisons using the statistical 

software SigmaPlot13 and P < 0.05 was considered statistically significant.  

 

3.3. Results  

3.3.1. Phase Analysis 

(Figure 3.1a) demonstrates the XRD pattern for indialite used for in situ synthesis of 

cordierite during thermal treatment of the SiC-cordierite composite.  The X-ray peaks of indialite 

match perfectly with PDF: 00-012-0235 and 01-082-1540. Maud rietveld analysis of the XRD 

spectrum of SiC-Cordierite composite showed the phase composition α-SiC (78.61 ± 0.00 %), β-

cordierite (16.23 ± 0.90 %), and α-Cristobalite (5.15 ± 0.34 %). The XRD peaks in the 

diffraction angle range 2θ of 29⁰ to 30⁰ for indialite initially added to the SiC and cordierite 

present in the SiC-Cord composite are shown in (Figure 3.1b). Figure 3.2 shows the XRD peaks 

of Spodumene and the SiC-Spodumene composite. Maud rietveld analysis of the XRD shows the 

phase composition: α-SiC (67.56 ± 1.82 %), β-Spodumene (25.35 ± 0.0 %), and α-Cristobalite 

(7.08 ± 0.29 %). The phase composition of control SiC-Cris is 89.87 ± 3.11 % of α-SiC and 

10.12 ± 0.27 % of α-Cristobalite. In all SiC composites, we observed the transformation of beta 

SiC to alpha SiC as indicated by the peaks at d spacing 2.63, 2.52, and 2.36 nm (PDF-01-075-

8314) (Figure 3.3). In addition, the initial silica gel layer on SiC particles were transformed into 

alpha cristobalite with characteristic peaks at d spacing 0.4062 nm (PDF- 04-008-7639).  The 
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characteristic peaks for Cordierite, Spodumene, and Cristobalite in the SiC composites showed a 

slight shift in the d spacing indicating a solid solution. For the SiC-Cord composite, the d-

spacing for the (110) plane of cordierite was shifted from 0.847 nm (PDF- 01-076-6035) to 

0.8505 nm. On the other hand, the d-spacing for the (111) plane of spodumene in the SiC-Spod 

composite was shifted to a lower value from 0.46 nm (PDF- 00-035-0797) to 0.45 nm. The main 

peak for alpha cristobalite did not show any measurable shifts. 

 

FIGURE 3.1: (a) XRD phase analysis of Cordierite starting material showing Indialite phase and 

Cordierite in SiC-Cord composite. (b) Peak differences between 29⁰ and 30⁰ of 2θ from XRD 

analysis, for Indialite obtained from cordierite starting material (left),  

Cordierite formed in SiC/Cordierite composite (right). 

a) 

b) 
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FIGURE 3.2:  XRD phase analysis of Spodumene starting material SiC-Spod composite showing 

phases of β-Spodumene, corundum, Lithium silicate, and α-SiC. 

 

 

FIGURE 3.3: XRD phase analysis of SiC sample treated with Cordierite binders, spodumene 

binders, and control SiC (w/o binders). The phase analysis shows the presence of α-SiC, β- 

Spodumene, cordierite, and cristobalite phases. 

 

3.3.2. Porosity measurements 

Mercury porosimetry showed the porosity percent increases in the order control SiC-Cris 

(35.66%) > SiC-Cord (26.92%) > SiC-Spod (25.41 %). The average pore diameter of control 

SiC-Cris, SiC-Cord, and SiC-Spod are 2.6, 1.01 and 0.30 µm, respectively. SEM porosity 

analyses (Figure 3.4) showed a significant drop in the percent of large pores (15-20 µm and 10-
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15 µm) and a significant increase in the percent of small pores (1-5 µm) after the addition of 

Cordierite or Spodumene. control SiC-Cris discs showed 62% of the pores fall in the range of 

10-20 µm while the percentage dropped to 33% and 13% for the same pore size range for SiC-

Cord and SiC-Spod, respectively. Moreover, the percentages of pores in the size range 1-5 µm 

were 8%, 29%, and 57 % for control SiC-Cris, SiC-Cord, and SiC-Spod, respectively.  

 

 

FIGURE 3.4: Modal distribution of pore sizes ranging from 1 µm to 20 µm: (from left to right) 

SiC-Cord composite, SiC-Spod composite, and control SiC-Cris without binders. 

 

3.3.3. Density  

TABLE 3.1: Theoretical and Experimental density data comparison of the composites 

 

Table 3.1 lists the density of SiC composites measured using the Archimedes principle in 

comparison to the theoretical calculations based on the role of mixtures. The apparent density for 

Composite type 

Theoretical Composite density 

calculated using the rule of 

mixtures (g/cc) 

Experimental apparent density 

measurements using 

Archimedes (g/cc) 

SiC-Cord 3.18 2.74 ± 0.05 

SiC-Spod 3.12 2.61 ± 0.11 

Control SiC-Cris 3.2 2.74 ± 0.08 
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SiC-Cord, SiC-Spod, and control SiC-Cris was 86.2%, 83.5%, and 85.6% of the theoretical 

density.  Statistical analysis showed no significant difference in the density between the groups 

SiC-Cord and control SiC-Cris and SiC-Spod and control SiC-Cris. On the other hand, the 

density of the SiC-Spod was significantly lower than that of SiC-Cord (P < 0.03).  

 

3.3.4. Mechanical Properties  

The average compressive strength significantly increased in the order SiC-Cord > SiC-

Spod > control SiC-Cris (Figure 3.5). The average compressive strength of SiC-Cord was three 

times higher than control SiC-Cris (p < 9.7 x 10-7) and two times higher than that of SiC-Spod (p 

<0.003). Moreover, the average compressive strength of the SiC-Spod was significantly higher 

than that of control SiC-Cris (p <9.8 x10-7). The elastic modulus obtained from the nano-

indentation data measured 449.42 ± 29.52 GPa and 105.03 ± 16.08 GPa for SiC and Cordierite 

components; respectively in the SiC-Cordierite composite. For the SiC-Spodumene composite 

the modulus of elasticity for the SiC component measured 404.74 ± 68.98 GPa and that of 

spodumene measured 86.25 ± 33.29 GPa. Calculation of the moduli of elasticity of the 

composites based on the elasticity of the components using the rule of mixtures showed 380.54 ± 

9.12 GPa for SiC-Cord and 341.04 ± 61.84 GPa for SiC-Spod.   
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FIGURE 3.5: Average compressive strength of SiC-Cord, SiC-Spod, and control SiC-Cris discs 

after thermal treatment at 1200 ⁰C. The mechanical strength increased in the order SiC-Cord > 

SiC-Spod > Control SiC-Cris. 

 

3.3.5. SEM Fracture Surface Analysis 

SEM analyses of the fracture surface of control SiC demonstrated that failure occurs by 

trans-granular as well as intergranular mechanisms (Figures 3.6a and 3.6b). Figure 3.6a shows a 

15-micron-long crack propagating from the surface through the thickness of the SiC particle. The 

arrows in Figure 3.6b point at cracks within the cristobalite bonding zone between SiC particles. 

EDX analysis of the fractured surface showed the composition of the silica bonding zone to be 

oxygen deficient with a Si/O atomic ratio of 1/1.8. Minimal cleavage marks were seen on the SiC 

fracture surface.  
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FIGURE 3.6: a) and b) shows trans-granular and intergranular fractures that occurred after 

compression, c) shows the silicon oxide layer on the surface of SiC with multiple cracks in the 

control SiC-Cris sample. 

 

Analysis of the fracture surface of SiC-Cord and SiC-Spod showed a trans-granular failure 

mechanism through the SiC phase. Figures 3.7a and 3.7b demonstrate complete fracture of SiC 

particles in the SiC-Cord and SiC-Spod, respectively. It is noteworthy that the Cord and Spod 

bonding zones had an intact interface with the SiC particles and were crack-free (Figures 3.7c 

and 3.7d). It is important to note that extensive cleavage marks were present on the fracture 

surface of SiC particles in SiC-Cord and SiC-Spod compared to that of SiC-Cris. Moreover, the 

Cord or Spod components in the composites did not show cleavage marks.  
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FIGURE 3.7: The white arrows in a) and c) shows the cleavage marks and the complete fracture 

of SiC-Cord, b) shows a huge trans-granular crack after fracturing in SiC-Spod, c) SEM image of 

the fractured SiC-Cord, d) SEM image of the fractured SiC-Spod. 

 

EDX analysis of the bonding zone in Figure 3.7c showed the composition in an atomic percent: 

3.28 % Mg, 7.17 % Al, 29.76 % Si, 50.78% O, and 8.83 % C, indicating Mg2Al4Si5O18. Since 

the EDX beam is larger than the size of the SiC particle, a small amount of SiC can also be seen 

in the background. The composition percent of each element is less than the actual percentage of 

Mg2Al4Si5O18 which is caused by the replacement of Al3+ by Si4+ which was reported to improve 

the thermal shock resistance32.  EDX of the bonding zone in Figure 3.7d shows the presence of 

O, Si, and Al in atomic percentages 63.46 %, 26.49 %, and 10.05 %, respectively indicating 

LiAlSi2O6 and SiO2. Since lithium has a very low atomic weight, its presence cannot be captured 

using EDX. EDX analysis of the bonding zone of SiC-Cord in Figure 3.12 is shown in table 2 
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below. A compositional change in the atomic percent of Al can be observed when moving from 

the bonding zone to the edge of the SiC particle and at the SiC particle. This serves as evidence 

for the migration of Al ions into the silica gel layer.  

 

TABLE 3.2: EDX atomic percent of Al diffused from Cord into the SiO2 layer after heat treatment 

at 1200 °C/8hrs  

Composite Compound Element Positions Distance (μm) Atomic percentage (%) 

SiC-Cord Mg2Al4Si5O18 Al 1 0.00 5.5 

2 3.29 1.5 

3 3.67 0.27 

4 5.86 0.16 

 

3.3.6. Bonding zone width measurements 

The box-whisker plot of the average width of the bonding zone between the components 

of the control SiC-Cris, SiC-Cord, and SiC-Spod is shown in Figure 3.8. The average width of 

the bonding zone of control SiC-Cris > SiC-Cord and SiC-Spod. Statistical analysis shows that 

the width of the bonding zone of control SiC is significantly higher than that of SiC-Spod (p 

<0.04) and SiC-Cord (p <0.03), respectively. A comparable value of the average bonding zone 

was observed for SiC-Cord and SiC-Spod. The bonding zone width measurements for control 

SiC-Cris at room temperature measured 2.07 ± 0.79 µm while at 1200 °C it measured 3.07 ± 

1.24 µm.  
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FIGURE 3.8: The box-whisker plot of the average width of the bonding zone between the 

components of the control SiC-Cris, SiC-Cord, and SiC-Spod. 

 

3.3.7. Thermal shock studies 

Figures 3.9 to 3.11 shows the average compression strength, and strain to failure of the 

samples after quenching from 1200 ⁰C to 25 ⁰C in water. Statistical analysis showed the 

difference in strength was not significant among all samples before and after thermal shock.  
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FIGURE 3.9:  shows the average compressive strength and its standard deviation for samples 

before and after quenching of samples from 1200 ⁰C. 

 

 

FIGURE 3.10: Strain to failure measured from the stress-strain curve obtained from SiC-Cord, 

SiC-Spod, and Control SiC-Cris samples after quenching of samples from 1200 ⁰C. 
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FIGURE 3.11: Dimension stability of SiC composite samples before and after thermal shock.   

 

Although all discs were prepared using 1000 mg of powder and pressed and heated under the 

same conditions, we observed a lower height (0.5 mm) of the SiC-Cord and SiC-Spod 

composites compared to SiC-Cris which indicates more dense composite samples than the 

control. The increased density could be attributed to the lower porosity percent and small pore 

size in the composite samples. 
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FIGURE 3.12: SEM-EDX micrograph showing variation in Al content due to the ionic migration 

of Al3+ and Si4+ between SiC and the interface. 

 

3.4. Discussion  

The results of our studies demonstrated that alumino-silicate minerals are superior 

binders for SiC when compared to silicon oxide binders that form by thermal oxidation. The 

creation of a thin active silica gel layer by chemical treatment of SiC mediated a strong 

interfacial bond with cordierite and spodumene. The compression strength for SiC-Cord and 

SiC-Spod were 282.57 ± 37.94 and 184.58 ± 15.64 MPa respectively which were higher than the 

97.45 ± 9.86 MPa measured for control SiC-cristobalite.  The high mechanical strength of SiC-

Cord and SiC-Spod is attributed to (i) reduced porosity and pore size due to the filling of the 

interspace between SiC particles with the mineral binders, (ii) the strong SiC/mineral interfacial 

bond, (iii) the extensive ionic diffusion that created gradient compositional change at the grain 

boundaries and (iv) the formation of a solid solution of binder phases. On the other hand, the low 



80 

 

mechanical strength for control SiC-Cris is related to the large pore size, high porosity percent, 

and the limited contact area between the particles through the thin silica phase. Fracture surface 

analysis showed while control SiC-Crist fails by mainly intergranular mechanism, SiC-Cord, and 

SiC-Spod failed by trans-granular mechanism. In association with the strong bonding between 

particles, high thermal shock resistance was observed as indicated by the dimensional and 

mechanical stabilities of the SiC-mineral composites upon quenching from 1200 ⁰C to 25 ⁰C. The 

high thermomechanical and dimensional stabilities of the SiC-Cord and SiC-Spod can be 

attributed to the near-zero thermal expansion of the binder phases and the strong interfacial bond. 

Thus, the in-situ reaction between the silica layer on the SiC particles and the mineral binders 

created a bonding zone with transitional ionic concentration and structure that facilitated the 

transfer of the mechanical and thermal energies.  

SEM-EDX analyses showed that the cord and Spod bonding regions were crack free which 

speaks for the strength of the interfacial bond between the silica layer on the SiC and Cord or 

Spod binders. The strength of the interfacial bond is further enhanced through the extensive ionic 

substitution that takes place at the interface between the surface silica and the Cord or Spod 

binders. The ionic traffic at the interface between the indialite and the silica layer on SiC played 

an important role in phase transformation and strengthening the interfacial bond.  X-ray peaks of 

(Figure 3.1) showed the transformation of Indialite to cordierite in the SiC-Cord composite 

material. Data in the literature showed that indialite transforms into cordierite at 1400 °C. In our 

study, the indialite transformation to cordierite took place at 1200 °C, most probably due to ionic 

diffusion of cations (Na, Mg) and anions (Al3+) during sintering.  Data in the literature showed 

that Na+ ions can be incorporated into the central channels of the oxygen rings of cordierite 

structures [33]. The incorporation of Na ions introduces an extra positive charge to the cordierite 
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crystal. One way to balance the charge is by the diffusion of Al3+ ions into the silica layer on SiC 

for every three Na+ ions incorporated in cordierite. The Al diffusion to the silica layer is further 

enhanced by the relatively random distribution of Al and Si ions within the indialite crystal [34].  

The presence of mobile Na ions and their diffusion into cordierite and spodumene during heat 

treatment is also responsible for the shifts in the d-spacing of the (110) of cordierite and the 

(111) plane of spodumene.   

The higher mechanical strength of SiC-Cord compared to SiC-Spod could be attributed to 

differences in (i) porosity characteristics, (ii) the extent of liquid phase sintering (iii) the inherent 

mechanical strength of each pure phase, and (iv) the strain energy created during thermal 

treatment due to differences in the thermal expansion of the components. Porosity measurements 

showed a significant difference in the pore size distribution between SiC-Cord and SiC-Spod 

(Figure 3.4). The low porosity percent and small pore size in SiC-Spod is attributed to the 

enhanced liquid phase formation of spodumene as indicated by SEM analysis.  Other studies in 

the literature have reported that the addition of 20% β-spodumene facilitated the densification of 

mullite ceramic through a liquid phase sintering mechanism at 1423 ⁰C [24]. The mechanical 

strength and fracture energy of pure cordierite is (250 MPa and 17.2 J/m2, respectively which are 

greater than that of β-spodumene (150 MPa and 3.7 J/m2, respectively) [35]. Therefore, although 

SiC-Spod has a smaller pore size and lower porosity percent compared to SiC-Cord the 

mechanical strength of the latter composite was higher indicating the dominating role of the 

inherent strength. The residual stresses and strain energy due to the mismatch of the expansion 

coefficient as well as due to the ionic diffusion synergistically contributed to the high mechanical 

strength of the SiC-Cord compared to SiC-Spod or control SiC-Cris. Control SiC-Cris discs 

acquired large pores and higher porosity percent (Figure 3.4). In a previous study we reported on 
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the growth of silica nanowires at 800 - 1000 ⁰C in porous SiC pretreated with 20% NaOH [26]. 

The silica nanowires bridged the pore walls, densified, and strengthened the material. In the 

present study, we did not observe the formation of the nanowires due to the lower concentration 

of NaOH (1 weight %) which resulted in a limited formation of a silica gel layer of the SiC 

particles.  The limited interfacial bond and absence of nanowires enhanced the fracture of control 

SiC-Crist via the intergranular mechanism.  For the same reasons, the fractured samples of the 

control SiC fall apart as loose particles after the mechanical test. SEM analysis suggested that the 

crack initiation starts at the silica layer and propagates to the SiC (Figure 3.6b).  

The high modulus of SiC-Cord is explained by (i) the high inherent toughness of cordierite (ii) 

the strong interfacial bond at the interface between Cord and Silica layer, Al3+ diffuses into the 

Silica layer to take a vacancy of Si4+ ion as indicated by the concentration gradient detect by 

SEM_EDX (Figure 3.12). On the cordierite side, three oxygen vacancies may be created for 

every two Al3+ ions moving out. Mg ions on the other hand are not motivated to diffuse from 

cordierite to silica due to oxygen deficiency in the silica layer.  

From the width measurements of the bonding zone (Figure 3.8), it can be observed that the 

average width of the bonding zone in control SiC-Cris is larger than that of SiC-Cord and SiC-

Spod. The reduced width of the bonding zone in SiC-mineral composites is attributed to the ionic 

diffusion from the mineral to the cristobalite layer on SiC particles.  

In SiC-Spod, the strength is enhanced due to the reduction of the thermal expansion coefficient 

during heat treatment by the solid solution of β-Spodumene [24]. In SiC-Spod samples reported 

by Wu.et.al., [35] the densification is explained by the low viscosity of liquid phases due to the 

strong polarizing ability of Li+ and Na+. It has to be noted that at 15% addition of spodumene 
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resulted in excessive low viscosity liquid phases that created large pores of a diameter of 50 – 

200 µm which reduced the bending strength of the sample significantly.  

SEM morphology analysis (Figures 3.7a and 3.7b) shows cleavage marks on the SiC particles 

which are representative of crack deflection [37]. Crack deflection marks are due to the 

differences in the coefficient of thermal expansion between SiC and the mineral binders. The low 

thermal expansion of the Spod and cord will induce strain energy in SiC that results in 

transgranular fracture and cleavage formations.  

XRD analysis of control SiC sintered at 1200 ⁰C showed the transformation of β-SiC to α-SiC. 

Previous work has investigated the effect on the β to α SiC transformation temperature of the 

processing parameters including applied pressure [43-46], starting powder polytype composition 

[42-44], sintering aids [45-50], and sintering atmosphere [51-55]. Parish et.al. reported the 

formation of α SiC at 1440 ⁰C upon exposure of β SiC to neutron irradiation [51]. Hot isostatic 

pressure transformed β to α at a temperature greater than 2000 ⁰C [58]. Other studies showed that 

the β-SiC to α-SiC phase transformation is influenced by the liquid phase sintering of the 

additives and took place at a temperature (>1900 ⁰C) [56,57]. In our study, the SiC powder used 

to make the discs is made of a mixture of 40% of α-SiC, 10% amorphous SiC, and 50% β-SiC. 

The presence of a high percentage of the α phase in the initial material serves as an enhancer for 

the complete transformation of the β to α phase [58]. Moreover, the presence of labile Na ions is 

expected to catalyze the β to α transformation. This is in agreement with previous studies that 

showed an enhancing effect of boron and carbon on β to α transformation [59].   

Indialite and Cordierite are both minerals of the beryl group with the chemical composition of 

Mg2Al4Si5O18. However, Indialite has a hexagonal structure and Cordierite has an orthorhombic 

structure. Cordierite and Indialite form similar diffraction peaks except at the 2θ between 29⁰ and 
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30⁰ which is distinct. Indialite has a plain single peak with Δ=0, whereas cordierite has multiple 

peaks with Δ>0. The difference in these peaks was discussed in detail in the work of Akiho 

Miyashiro [30]. Figure 3.1b shows the peak differences between 29⁰ and 30⁰ of 2θ for Indialite 

obtained from cordierite starting material and cordierite formed in SiC/Cordierite composite.  

Data in the literature indicated that K2O is required to facilitate the synthesis of dense cordierite. 

However, the alkali oxides increase the expansion coefficient and lower the mechanical 

properties [59]. In our study, this challenge has been overcome by creating the Indialite phase 

and transforming it to cordierite in the preparation of SiC/Cordierite composite.  

In addition to that, the sintering technique of the SiC composite was done at a low temperature 

involving a novel method of creation of a silica gel layer at room temperature which later 

crystallizes to cristobalite SiO2. This reduces the overall manufacturing cost of this SiC 

composite which possesses high strength and density along with excellent mechanical and 

thermal properties. The minimal differences in densities can be attributed to the differences in 

the porosity characteristics and the phase composition. On the other hand, for control SiC, the 

NaOH treatment of SiC created a silica gel layer that served as a precursor for cristobalite 

formation [26-29]. As such, the preexisted silica gel layer rather than the thermal oxidation of 

SiC is responsible for the formation of cristobalite in all samples at relatively low temperatures.  

The cristobalite XRD signal was shifted indicating the formation of a solid solution phase.  

While measurements of the compressive strength showed comparable values for each composite 

before and after thermal shock, a significant difference in the strain to failure was observed for 

all samples. This is due to the residual thermal stresses stored in the samples owing to the 

differences in thermal expansion coefficients among different phases. Owing to the large 

difference between the thermal expansion coefficient of SiC and Cristobalite the strain to failure 
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of control SiC-Crist was significantly (P < 0.02) lower than that of SiC-Cord and SiC Spod. 

SEM-EDX analysis (Figure 3.13) of the fracture surface of the quenched samples demonstrated 

crack sealing most probably due to the capillary action of the liquid mineral phases that flow in 

the open space created by the cracks. 

3.5. Conclusion 

In this work, a novel sintering technique was introduced by incorporating mineral binders 

as a bonding material to densify and strengthen SiC particles. Cordierite and Spodumene were 

carefully chosen as the mineral binders for the SiC mineral binder composites due to their 

excellent inherent thermo-mechanical properties. SiC-Cord and SiC-Spod composites showed 

high compressive strength and modulus compared to the control SiC-Cris. Strengthening was 

seen to increase due to the lattice distortion of the binder phase caused by the mismatch of the 

thermal coefficient of expansion of the binder phase and the SiC particles. The ionic diffusion of 

Al3+ into the silica layer at the interface with the mineral binder enhanced the adhesion between 

SiC particles. The liquid phase transformation of the binders facilitated particle fusion and 

reduced the porosity percentage and the pores size. Strain to failure was significant in all the 

SiC-mineral binder composites after quenching in water from 1200 ⁰C due to the crack sealing 

caused by the liquid mineral phases. Results of the study suggest that the SiC-mineral binder 

composites can be used as thermal materials, and catalytic converters in automobile exhaust 

systems, gas filters, and in combustion engines. 
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4.1. INTRODUCTION 

 Large primary mirrors and mirror substrates that exhibit low density, high specific 

stiffness, and thermal stability are essential for astronomical and earth science observations. 

Space mirrors are used to study solar radiation management including crop engineering and 

energy storage [1,2]. Lightweight mirrors are desirable to decrease costs. Beryllium and SiC 

mirrors are an order of magnitude higher in cost compared to ULE, Zerodur, and Cordierite 

mirrors. Moreover, beryllium releases toxic gases and the fabrication of SiC possesses a high 

cost [3]. To decrease the weight of the mirrors, they are often made as a honeycomb structure 

and multi-hole structure by drilling holes and gluing plates which can cause damage to the mirror 

material [4]. Therefore, lightweight and stiff mirror materials are necessary. The most widely 

used material for mirrors are glass ceramics due to their excellent polishing capabilities and ease 

of manufacturing. However, glass ceramics have relatively poor thermo-mechanical stability and 

are heavyweight [5,6,7].  Search for alternative lightweight thermal materials included testing 

Cordierite (Mg2Al4Si5O18) and Spodumene (LiAlSi2O6) for mirror applications. Cordierite and 

Spodumene are rock-forming minerals characterized by low thermal expansion coefficient, high 

thermal shock resistance, and good mechanical and thermal stabilities. However, manufacturing 

of pure cordierite bodies is challenged by the need to add a sintering aid to obtain a fully dense 
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material. The sintering aids lower thermomechanical strength and fracture toughness [8], 

resulting in poor thermal performance and low strength of the glass-ceramics. For these reasons, 

glass ceramics such as Ultra Low Expansion glass (ULE®) by Corning, USA, 

CLEARCERAM™-Z from Ohara, Japan, and Zerodur® by Schott, Germany, were eliminated as 

candidates for mirror materials [9]. 

SiC is characterized by excellent mechanical and thermal properties including high stiffness, 

thermal shock resistance, high thermal conductivity, and low thermal expansion which are 

essential for many aerospace applications including mirrors for telescopes [10,11,12,13]. 

However, manufacturing a dense SiC is costly and time-consuming due to the extreme compact 

pressures and elevated temperatures required for processing. Hot isostatic pressing of SiC 

particles at elevated temperatures (>2000 ⁰C) [13,14] and a pressure of 1000-2000 atm with and 

without sintering aids has been used to produce dense SiC [15,16,17]. The densification of SiC 

relied on the oxidation mechanism where a silicon oxide surface layer forms in air at high 

temperatures and bonds the SiC particles together. However, bonding by thermal oxidation 

results in a porous SiC construct that requires further processing steps to densify and strengthen 

the material [18].  Filling porous SiC with molten silicon (Si) or aluminum (Al) metal has been 

used to successfully densify the material [11,19].  However, the use of Si or Al is problematic 

due to the lack of a stable interface between SiC and these filling materials. The infusion of Si 

through the porous structure maximize the density up to 99% of the theoretical density which 

makes the composite suitable for many applications [20]. Nevertheless, the SiC-Si composite 

exhibits many limitations including: low mechanical strength due to abnormal growth of SiC 

particles at the interface between Si and SiC, aggregation of SiC particles due to the release of 

CO and SiO gases during processing [20], and low thermal conductivity due to the formation of 
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a glassy carbon layer between Si and the SiC [21]. In addition, the relatively low melting point of 

silicon (1410 oC) limits the use of SiC-Si at high temperatures.  

Trial to enhance densify SiC by Al included hot pressing Al powder with SiC fiber-SiC 

composite at 21-31 MPa and 1700 ⁰C in vacuum.  Analysis of the interfacial bond showed the 

formation of weak interfacial layers made of Al4C3 and Al4SiC4. The weak interfacial bond is 

responsible for the debonding and pullout of the fibers during mechanical test. Moreover, the 

Al4SiC4 interfacial bond has been associated with a significant increase in the strain to failure 

without affecting the fracture strength. The increase in the strain under mechanical loading is not 

desirable for optoelectronic applications that require dimensional stability [22].  

Recent publications have demonstrated a novel SiC processing technology based on engineering 

the physicochemical properties of the surface of the material [23-27]. The creation of a nanoscale 

thin silica-gel layer on SiC particles facilitated low processing temperature in the range (800 ºC – 

1000 ˚C), densification and strengthening of 3D SiC objects [26]. The silica gel layer nucleated 

the growth of crystalline silica nano wires inside the pores of the silicon carbide matrix resulting 

in a significant increase in the density and strength. This new mechanism of densification and 

strengthening of the porous SiC takes place without any measurable changes in the dimensions 

of the 3D objects. However, complete densification of porous SiC by silica nanowire growth is 

yet to be reported. Moreover, the relatively low melting point of cristobalite (SiO2, 1713 oC) 

compared to SiC may limit high temperature applications. 

The present study hypothesized that the silica gel layer can promote reaction with mineral 

binders such as cordierite and spodumene to establish in situ mineralization at the interface 

between SiC particles. The ionic diffusion of Al from the minerals to the silica gel layer will 

create ionic concentration gradient between mineral binders and SiC that promotes a strong 
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interfacial bond responsible for the transduction of thermal and mechanical energy (Figure 4.1). 

To test these hypotheses, SiC was treated with NaOH at room temperature to create surface 

silanol groups. The surface modified SiC was mixed separately with Cordierite (Cord) or 

Spodumene (Spod), pressed at 250 MPa and sintered in the temperature range 800-1200 °C. The 

mechanical and thermal properties of the composites are measured as a function of processing 

parameters. Moreover, polishing ability of the composites to a mirror surface finish is reported. 

Taking all together the SiC-mineral composites can serve as a future space mirror material.    

 

 

FIGURE 4.1: Graphical representation of the mechanism of the strong interfacial bonding in 

SiC-mineral binder composites [27] 
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4.2. MATERIALS AND METHODS 

4.2.1 Preparation of Mineral Binders  

Cordierite (Mg2Al4Si5O18) and Spodumene (LiAlSi2O6) were prepared by mixing 

appropriate stochiometric ratios of the ingredients [28-30]. The ingredient powder (40 gm) for 

each mineral was mixed with (70 ml) of ethanol and then milled in a high-energy planetary ball 

mill with powder to balls (6.23 mm) ratio of 1:10 at 180 rpm for 2 hrs. The powder mix was 

transferred into an alumina crucible and dried in an oven at 100 °C overnight. The balls were 

separated from the powder by sifting in ASTM standard sieves (mesh #60, #120, and #200). The 

powder was placed in an alumina crucible and sintered at: Spodumene 1000 °C/2hrs and 

Cordierite 1400 °C/2hrs at 1 °C/min. The phase composition was analyzed by XRD. 

 

4.2.2. Preparation of SiC-Mineral Composites  

SiC particles (US research nanomaterials, Houston, TX USA) with an average particle 

size of 40 m was treated with 1% NaOH to create a silica gel surface layer. The formation of 

the silica gel layer through the surface activation technique at room temperature was discussed in 

the previous studies from our lab [23-27]. The surface-activated SiC was mixed separately with 

each mineral at a ratio 80% SiC: 20% mineral binder. The selected 80/20 ratio was based on a 

preliminary study that showed enhanced densification and mechanical properties without 

deformation during thermal treatment. Discs (10 mm diameter x 6 mm height) were prepared by 

pressing 1 gm of the SiC-mineral mixture in a tungsten carbide die at 250 MPa in a hydraulic 

press. The pressed green discs were sintered at 1200 ⁰C for 8 hours at a heating rate of 5⁰C/min. 

Preliminary studies showed that treatment at a temperature higher than 1200 °C results in 

deformation due to melting of the mineral phase. 
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4.2.3 Structure Analysis 

4.2.3.1. XRD analysis 

X-Ray Diffraction analysis (XRD) was used to determine the crystalline structure of each 

composite. A PANalytical X’Pert Pro/MRD was used for all scans. The discs were ground to a 

powder and adhered to a silicon zero background disk with double-sided tape. The scanning X-

ray beam was Ni-filtered Cu K alpha radiation with a wavelength of 1.54 Å. Radiation was 

produced at 45 kV and 40 mA. Incident beam optics included a 0.76 mm divergence slit and a 

0.1 mm receiving slit. Scan time per step was 0.5 sec and the 2θ range was from 5° to 100°.  

 

4.2.3.2. SEM/EDX morphology analysis 

SEM fracture surface analysis of composite samples after compression test was 

performed using JEOL 6480 Scanning Electron Microscope (SEM). The samples were sputter 

coated with gold (10 nm thickness) and scanned in a secondary electron mode at 20 kV with a 

working distance of 10 mm.  

 

4.2.4. Characterization of Properties  

4.2.4.1. Density Measurements 

Density of the sintered discs were measured using Archimedes principle (OHAUS 

Corporation, Parsippany, NJ, USA). The weights of the sample in air and in auxiliary liquid 

(deionized water) were measured for each composite (n = 7) at ambient atmospheres. The 

density was calculated using Eq. 4.1. 

𝜌 =  
𝐴

𝐴−𝐵
 (𝜌0 − 𝜌𝐿) + 𝜌𝐿       (4.1) 

where,  
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ρ = density of the sample,  

A = weight of the sample in air,  

B = weight of the sample in the auxiliary liquid,  

ρ0 = density of the auxiliary liquid,   

ρL= density of the air (0.0012 g/cm3).  

The density of SiC discs obtained using Archimedes principle was compared to the theoretical 

values calculated using the actual density of each pure phase [SiC (3.2 g/cc), cordierite is 3.11 

g/cc and spodumene is 2.8 g/cc] and the rule of mixtures. 

 

4.2.4.2. Polishing protocol of SiC-Mineral composites  

The composite discs were lapped using SiC papers grit size # 320, 400, 800, 1200 and 

2400 (ANSI/CAMI standard (B74. 18-1996)) on Buehler grinding wheels at 200 rpm with water 

as a medium. The lapped discs were polished using MetaDiSupreme Diamond slurry of 6 µm 

and then 1 µm on a Verdutex polishing pad. Fine polishing of the sample was done using 

colloidal amorphous silica (0.06 µm) and non-crystallizing silica (0.01 µm) on a MasterTex 

polishing cloth (Buehler, Lake Bluff, Illinois). For each polishing step, the leveling of the surface 

was checked by Olympus DSX1000 microscope. The surface roughness of the final polished 

samples was measured using an atomic force microscope (AFM).  

 

4.2.4.3. Atomic Force Microscopy Roughness Measurements 

The surface roughness of the polished sample was measured using tapping mode AFM 

(Digital Instruments Nanoscope IIIm, Plainview, NY). The drive frequency ranged from 200 to 

400 kHz, the set point was approximately 0-2 V, and the drive amplitude was 24 mV. In order to 
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obtain the general surface roughness, a large area of 3886.4 µm2 was selected within which three 

spots (n=3) were scanned. The magnified images of the scanned areas were then plane fitted to 

the first order to remove the tilt artifacts due to the orientation of the particles in the composite. 

An area of 100 µm2 was used to measure the roughness of individual SiC particles and an area of 

600 µm2 was used to measure the roughness of the bonded SiC particles. 

 

4.2.4.4. Mechanical Property measurements 

4.2.4.4.1. Hardness measurements 

The hardness of the composite was measured using Vickers’s Hardness tester (Wilson 

instruments, 402MVD). Vicker’s indentation method uses a large indenter with indentation mark 

that covers all micro constituents of the composite. The machine uses a pyramid shaped diamond 

indenter with applied load of 4.9 N (500 gf). Indentations were made at 11 different locations on 

each sample and the average dimensions of each indentation was measured and used to calculate 

the hardness.  The measurements of the diagonals were done using an optical microscope 

(Olympus DSX1000) at an objective lens of 40x magnification.  The Hardness value HV (GPa) 

was calculated using Eq. (4.2):  

𝐻𝑉 =
𝑃

𝑑𝑎
2        (4.2) 

 

Where P is the applied load in Kg, da
2 is the average of the indented diagonal dimensions d1 and 

d2 in mm.  

 

 

 



99 

 

4.2.4.4.2. Strength and Modulus of Elasticity 

The compressive strength of the thermally treated SiC-Cord and SiC-Spod discs were 

measured from the stress-strain curve obtained from the uniaxial compression using an Instron 

machine (Instron 5582, Norwood, MA) at a rate of 0.02 in /min until failure. The Modulus of 

elasticity of the SiC-mineral composites was measured using a nano-indenter (Agilent MTS 

G200, USA) that uses a three-sided pyramid Berkovich diamond indenter tip. The modulus is 

measured by a dynamic method, named CSM (continuous stiffness measurement), the properties 

being measured as a function of the indentation depth. A continuous indentation at a maximum 

load of 50 gf (490 mN) with a 10s hold time was applied.  The mechanical properties were then 

derived using the Oliver-Parr technique using the below equations. The stiffness is calculated 

from the slope of the load vs depth curve according to Eq. 4.3.  

𝑆 =  
𝑑𝑃

𝑑ℎ
         (4.3) 

The elastic modulus of each phase was calculated using equation (4.4) 

1

𝐸𝑚
=

(1−𝜈2ₛ)

𝐸𝑠
+

(1−𝜈2
𝑖)

𝐸𝑖
        (4.4) 

where, 

νs = Poisson ratio of the phase 

νi = Poisson ratio of the indenter 

Es= elastic modulus of the phase 

Ei= elastic modulus of the indenter 

Em=reduced contact modulus between the tip and the sample 

The reduced contact modulus was found using the stiffness value found in Equation 3 and the 

projected contact area. The projected contact area is linked to the contact depth hc by the tip 

geometry, for a perfect pyramidal indenter: 
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𝐸𝑚 =  
𝑆

2
 √

𝜋

𝐴𝑐
        (4.5) 

The overall modulus of elasticity of each composite was calculated using the rule of mixtures 

and the elasticity of each phase in the composite.  

 

4.2.4.4.3. Thermal Shock Test  

The sintered SiC-Cordierite (SiC-Cord) and SiC-Spodumene (SiC-Spod) discs (n=7) 

were re-heated at 1200 ⁰C and held for 30 mins in Carbolite Gero (Verder Scientific, Hope 

valley, England) furnace then quenched in water at 22 ⁰C. The compression strength of the 

quenched samples was measured before and after thermal shock. The dimensional stability of the 

composites was determined by measuring the length and the diameter of the sample before and 

after the thermal shock. The strength of the samples was measured after thermal shock using the 

same method mentioned above. The fracture surface of the samples after the thermal shock was 

analyzed by SEM-EDX to study the failure mechanism.  

 

4.2.4.5. Thermal Property Measurements 

Thermal expansion coefficient of the SiC-Mineral composites was measured using a dual 

channel NETZSCH DIL 402 Expedis Supreme Pushrod Dilatometer using ASTM E 473-85 test 

method [31,32]. The samples were tested in one channel with a NIST Standard Reference 

Material (SRM) 731L1 Borosilicate Glass calibration standard in the second channel for 

calibration. Samples were heated to 100°C, held for 10 minutes for temperature stabilization, 

then continuously cooled at 2°C/min to -100°C. 
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Thermal conductivity (λ) was calculated from the thermal diffusivity using Eq. 4.6. The thermal 

diffusivity (D) and specific heat capacity (Cp) were measured at temperatures -100, 0, 100, 300, 

600, 900, and 1000 ⁰C by the flash method using a NETZSCH LFA 467 HT HyperFlashTM 

instrument. The test method conforms to ASTM E1461-13, “Standard Test Method for Thermal 

Diffusivity by the Flash Method” [33,34]. The measurement of the thermal diffusivity of a 

material is usually carried out by rapidly heating one side of a sample and measuring the 

temperature rise curve on the opposite side. The sample is normally a disc with a standard 

diameter of 12.7 or 25.4 mm. Once the sample has been stabilized at the desired temperature, the 

power source is fired multiple times over a span of a few minutes and the necessary data is 

recorded for each “shot”. The time that it takes for the heat to travel through the sample and 

cause the temperature to rise on the rear face can be used to determine the through-plane 

diffusivity. The resulting rear surface temperature rise is fairly small, ranging from about 0.5ºC 

to 2ºC. 

𝜆 =  𝐷(𝐶𝑝 ∗ 𝜌)      (4.6) 

where:  

D = thermal diffusivity  

λ = thermal conductivity  

Cp = specific heat  

ρ = density 

 

4.2.4.6. Electrical Property measurements  

The electrical resistivities of the SiC-mineral composites were obtained through electrical 

conductivities using Eq. (4.7) and (4.8), 
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𝜌 =
1

𝜎
        (4.7) 

where,  

ρ is the electrical resistivity (Ωm),  

σ is the electrical conductivity and is measured by,  

𝜎 =  
1

𝑅

𝐿

𝐴
       (4.8) 

where,  

R is the resistance (Ω) 

L is the length of the conductor in meters or cm 

A is the cross-sectional area (m2 or cm2) 

For the electrical conductivity measurements, the SiC-mineral composites of thickness ~1mm 

were arranged into a coin cell as in Figure 4.2 below. Either side of the crimped coin cell was 

then welded with the stainless-steel sheets to obtain contact with the positive and negative of the 

potentiostat.  

 

FIGURE 4.2: Coin cell set up of SiC-mineral composite for electrical conductivity 

measurements using constant voltage, the Figure was edited from ref [34].  
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A potentiostat (BioLogic SP-50, France) with EC-LAB control/data acquisition software was 

used to maintain constant potentials of 5V across the Pt mesh electrodes and simultaneously 

measure the resulting current through the protonic and electronic resistance measurement (PEM) 

mode at room temperature. These applied potentials were chosen so that the operational range of 

the potentiostat was not exceeded. The resulting current and resistance values were then used to 

calculate the electrical conductivity of the composites.  

 

4.3. Results 

4.3.1. X-Ray diffraction 

Figure 4.3 below shows XRD analysis of the phase composition of control SiC, SiC-Cord 

and SiC-Spod after treatment at 1200 ⁰C.  Thermal treatment of control SiC showed the 

characteristic signals of α-SiC at d spacing 2.63, 2.52 and 2.36 nm and of Cristobalite at d 

spacing 0.41 nm. After the addition of mineral binders, the crystallite size, lattice parameters, 

and percentage of these phases were changed (Tables 4.1 and 4.2). The characteristic peaks for 

Cord, Spod, and Cristobalite showed a slight shift in the d spacing indicating ionic diffusion that 

led to the formation of a solid solution of each phase. Moreover, the change in crystallite size of 

cristobalite upon the introduction of mineral binders is shown in Table 4.1. Analysis of the lattice 

constants showed a difference in the a and c lattice parameters of the α-SiC phase in all SiC 

composites (Table 4.2). Maud rietveld analysis showed the percentages of phases in SiC-

Cordierite composite are presented in Table 4.3. It is interesting to note that the addition of the 

mineral binders to SiC-Cris was associated with a decrease in percentages of cristobalite, SiC 

and the mineral binders compared to the initial phase composition prior to sintering.  
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FIGURE 4.3: X-ray diffraction analysis showing the presence of phases of SiC, cristobalite, and 

mineral binders in the composites. 

 

TABLE 4.1: Crystallite size of α-cristobalite and α-SiC in SiC-Mineral binder composites  

Crystallite size of Cristobalite (101) plane (in nm) 

SiC-Cris SiC-Cord SiC-Spod 

18.43 27.29 24.35 

Crystallite size of SiC (006) & (102) plane (in nm) 

SiC-Cris SiC-Cord SiC-Spod 

46.12 36.25 48.70 
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TABLE 4.2: Comparison of lattice constants of SiC-6H phase in SiC composites to the powder 

diffraction data. 

Lattice 

constants 

SiC-6H 

PDF-01-075-8314 (in Å) 

SiC-Cris  

(in Å) 

SiC-Cord 

 (in Å) 

SiC-Spod  

(in Å) 

a 3.0810 3.0769 3.0830 3.0904 

c 15.1248 15.1326 15.1326 15.0841 

a’ (difference) 0 0.0041 -0.002 -0.0094 

c’ (difference) 0 -0.0078 -0.0078 0.0407 

 

TABLE 4.3: Quantitative analysis of the percentage composition of SiC-Mineral binder 

composites 

 SiC-Cris SiC-Cord SiC-Spod 

α-SiC (%) 89.87±3.11 78.61 ± 0.00 67.56 ± 1.82 

α-cristobalite (%) 10.12±0.27 5.15 ± 0.34 7.08 ± 0.29 

β-cordierite (%) N/A 16.23 ± 0.90 N/A 

β-Spodumene (%) N/A N/A 25.35 ± 0.0 

 

4.3.2. SEM Morphology of the sintered SiC-mineral composite 

The SEM micrographs (Figures 4.4a and 4.4b) show the fusion of the SiC particles by the 

mineral binders for SiC-Cord and SiC-Spod, respectively. The complete melting of the binders in 

the space between and on the surface of the SiC particles is strong evidence of the liquid phase 

sintering mechanism.  EDS elemental composition analysis of the fracture surface showed a 

gradual decrease in the atomic percent of Al content from (5.5 atomic %) at the center of the 

bonding zone to (0.16 atomic %) at the SiC interface proving the diffusion of Al3+ ions from 

mineral binder to the cristobalite layer on SiC surface (Figure. 4.4c).  
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FIGURE 4.4: (a) SiC-Cordierite after sintering, (b) SiC-Spodumene after sintering (c) EDS 

micrograph showing variation in Al content due to the ionic migration of Al3+ and Si4+ between 

SiC and the interface.  in a) and b) shows the bonding region between SiC particles comprised 

of cordierite and spodumene binders.   

 

4.3.3. Density  

The density of SiC-Cord and SiC-Spod samples were 2.74 ± 0.05 g/cm3 and 2.61 ± 0.11 

g/cm3, respectively. Statistical analysis showed the density of SiC-Spod was significantly lower 

than that of SiC-Cord (P < 0.03). The light weight of the SiC-Cord and SiC-Spod composites are 

attributed to the relative low density of the mineral binders (Table 4). The apparent density 

measured by Archimedes for SiC-Cord and SiC-Spod are 86.2% and 83.5%, respectively of the 

theoretical density. The theoretical calculation of the density of each composite was done using 

the actual density of each pure phase. 
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TABLE 4.4: Comparison of the densities and the porosity percentage of SiC-Cord and SiC-Spod 

with data in the literature about SiC prepared by Chemical vapor Deposition (CVD), Reaction 

bonded (RB), Sintered, Hot pressed (HP) and Carbon (C) and Aluminum (Al) reinforced 

composites for space mirrors.  

Materials Density (g/cm3) Porosity (%) 

SiC-Cord 2.74 13.80 

SiC-Spod 2.61 16.50 

CVD SiC64  3.21 0.00 

RB SiC37 3.08 3.75 

Sintered SiC64 3.1 3.12 

HP SiC64 3.2 0.00 

C/SiC64 2.6 18.75 

SiC/Al38 2.94 8.13 

 

4.3.4. Mirror surface finish of SiC-mineral binder composites   

SiC-mineral binder composites were polished to a mirror finish using the conventional 

lapping and polishing technique mentioned in section 2.4.2. Figure 4.5 below shows the 

reflective surfaces of SiC-Cord and SiC-Spod.   

 

FIGURE 4.5 (left to right): Reflectivity experiment using green laser light on the polished 

surface of SiC-Cord; Reflection of the letters UNC; Surface of SiC-Spod disc polished to mirror 

finish.  
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The general surface roughness of (Ra) of the polished surface was 343.58 nm, and the Ra 

roughness of areas comprised of SiC particles along with the mineral binder without pores was 

20.89 nm.  The mean roughness of the SiC microconstituent in the SiC-Cord composite was 2.37 

± 0.28 nm (Figure 4.6).  

 

 

FIGURE 4.6: AFM images of the polished surface and its roughness analysis of the SiC-Cord 

composite. 

 

4.3.5. Thermal Properties 

The thermal expansion coefficient (α) (CTE) and the thermal strain (ΔL/L0) of SiC-Cord 

and SiC-Spod in the temperature range from -90 ⁰C to 80 ⁰C are shown in Figure 4.7(a and b). 

The CTE for SiC-Cord measured 0.58 x 10-6/ °C at -91.15 °C and 3.78 x 10-6/°C at 49.85 °C 

while that of SiC-Spod was 1.56 x 10-6/ °C at -91.15 °C and 3.68 x 10-6/°C at 49.85 °C (Figure 

4.7. a). It can be noted that at -90 °C, the effect of the CTE of the binder is responsible for the 

observed lower CTE of SiC-Cord compared to SiC-Spod. The thermal conductivity 

measurements for SiC-Cord and SiC-Spod for the range of -100 °C to 1000 °C is shown in 

Figure 4.8.  
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FIGURE 4.7: a) Thermodilatometry results showing temperature trends of differential thermal 

coefficient of expansion (α) and b) thermal Strain (ΔL/L0). 

 

FIGURE 4.8: Thermal conductivity of SiC-Cord and SiC-Spod composites measured using 

“Standard Test Method for Thermal Diffusivity by the Flash Method.” 
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4.3.6. Mechanical Properties:  

The surface hardness of the polished surface of SiC-mineral composites measured 6.55 ± 

1.25 GPa and 2.66 ± 0.87 GPa for SiC-Cord and SiC-Spod, respectively. The compression 

strength for SiC-Cord and SiC-Spod were 282.57 ± 37.94 and 184.58 ± 15.64 MPa, respectively 

(Figure 4.9). The elastic moduli for SiC and Cordierite micro constituents were 449.42 ± 29.52 

GPa and 105.03 ± 16.08 GPa; respectively in the SiC-Cordierite composite. For the SiC-

Spodumene composite, the modulus of elasticity for the SiC component measured 404.74 ± 

68.98 GPa and that of spodumene measured 86.25 ± 33.29 GPa. Calculation of the moduli of 

elasticity of the composites based on the elasticity of the components using the rule of mixtures 

showed 380.54 ± 9.12 GPa for SiC-Cord and 341.04 ± 61.84 GPa for SiC-Spod (Figure 4.9).   

 

 

FIGURE 4.9: showing average compressive strength and elastic modulus for SiC-Cord, and SiC-

Spod samples treated at 1200 °C for 8h. 
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4.3.7. SEM Morphology of the fractured surface  

SEM analysis of the fracture surface showed a trans-granular fracture for both SiC-Cord 

(Figure 4.10a) and SiC-Spod (Figure 4.10b). The trans-granular fracture mechanism was 

accompanied by crack deflection created by the residual stress induced by the differences in CTE 

of microconstituents. SEM analysis also showed evidence of crack branching (Figure 4.10a and 

4.10b).  

 

 

FIGURE 4.10: SEM micrograph showing transgranular fracture, crack deflection, crack 

bridging, and crack branching of the mineral binder composites of a) SiC-Cord and b) SiC-Spod.  

 

4.3.8. Thermal Shock Resistance 

Statistical analysis showed no significant change in the compressive strength for all SiC-

mineral composites before and after thermal shock (Fig. 4.11a). The compressive strength and 

the strain to failure before and after thermal shock in water from 1200 ⁰C of the composite 

samples are shown in Figures 4.11a and 11b, respectively. Statistical analysis showed a 

significant decrease (p< 0.0005) in the strain to failure of control SiC-Cris after thermal shock. 

On the other hand, comparable strain to failure values were observed for SiC-Cord and SiC-

Spod.  
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FIGURE 4.11: a) showing average compressive strength and b) showing strain to failure before 

and after thermal shock for control SiC-Cris, SiC-Cord, and SiC-Spod, quenched from 1200 °C 

to room temperature.  

 

Moreover, the mechanical stability of the SiC-Cord after the thermal shock was associated with 

dimensional stability. (Figure 4.12) demonstrates the percent increase in diameter and height 

after thermal shock. The thermomechanical and dimensional stability of the SiC composites are 

mainly attributed to the smaller difference in the expansion coefficient between SiC and 

Cordierite or Spodumene.  
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FIGURE 4.12: Increase in the dimensions in diameter and height of the SiC composite discs after 

thermal shock.  

 

Table 4.5 summarizes the mechanical, thermal and electric properties of SiC-Cord and SiC-Spod 

in comparison to commercially available mirror materials like Cordierite CO720 (Kyocera, Elk 

Grove Village, IL), Zerodur Class 0 (Schott AG, Mainz, Germany) and SiC SPACE materials.  
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TABLE 4.5: Mechanical, thermal and electrical properties of SiC-mineral composites versus 

different mirror material [38] 

Property Unit SiC-Cord SiC-Spod Cordierite 

CO720 

Zerodur 

Class 0 

SiCSPACE 

Young’s 

Modulus E 
GPa 380.54 341.04 140 89 420 

Hardness GPa 6.55  2.87 8-8.5 6.08 22 

Density, ρ g/cm3 2.74 2.61 2.55 2.54 3.1-3.19 

Compression 

Strength 

MPa 282 184 - - 
 

CTE, α 

@23±5˚C 

10-6/K 3  3  

 

0.02 

 

 

0.05 

 

2  

Thermal 

Conductivity, 

k @25˚C 

W/m. K 6.73 3.28 

 

4.68 

 

 

1.52 

 

180  

Thermal 

Diffusivity 

10-6 m2/s 5.48 2.23 

 

2.37 

 

 

0.75 

 

 

84  

Specific Heat 

Capacity 

J/g. K 0.57 0.70 0.78 0.78 0.68 

Specific 

Stiffness, E/ρ 

MPa.m3/kg 138.73 130.76 55.0 35.1 133 

Electrical 

resistivity 

Ω.cm 

 

1.38 x108 

 

1.34 x108 1014 2.6 x 1013 105 

 



115 

 

4.4. Discussion 

SiC-Cord and SiC-Spod composites are introduced as candidates for mirror materials and 

mirror blanks for space applications. SiC-Cord and SiC-Spod stand out as mirror materials due to 

their: (i) high stiffness, (ii) thermal stability, (iii) ease of manufacturing and (iv) ability to be 

polished to a shiny surface. 

The specific stiffness of SiC-Cord is 138.73 MPa m3/kg and for SiC-Spod it is 130.76 MPa 

m3/kg which is close to that of pure SiCSPACE (133 MPa m3/kg) and significantly higher than 

that of Cord CO720 (55 MPa m3/kg) and Zerodur (35.1 MPa m3/kg). For space mirror 

applications, the specific stiffness is important as it refers to the structural weight of the 

component. Attempts to increase the specific stiffness of the composites include i) the addition 

of metal powders [40-42], ii) the addition of carbon or carbon-containing additives [43-45], iii) 

the addition of AlN additives [46]. These composites are hot-pressed, pressureless sintered, and 

spark-plasma sintered to obtain a high specific stiffness. The SPICA C/SiC mirror prepared by 

silicon infiltration with zero porosity showed a specific stiffness of 114.3 MPa m3/kg [47]. 

Gyoung-Deuk Kim et.al., introduced strategies to increase the specific stiffness by reducing the 

density of composites by introducing pores, and adding additives that have low inherent density 

and increased modulus than SiC. The study showed that the addition of B4C which has lower 

density and higher modulus than SiC, increased the specific stiffness to 140 MPa m3/kg [48]. 

However, carbon additives or B4C additives are prone to carbon contamination and require 

additional cleaning steps in optical applications [49]. The mechanical strength and fracture 

energy of cordierite is (250 MPa and 17.2 J/m2, respectively which are greater than that of β-

spodumene (150 MPa and 3.7 J/m2, respectively) [50].  Therefore, the mechanical strength of the 

SiC-Cord composite was higher indicating the dominating role of the inherent strength. The 
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strength of the interfacial bond is further enhanced through the extensive ionic substitution that 

takes place at the interface between the surface silica and the Cord or Spod binders. The ionic 

traffic at the interface between the cordierite and the silica layer on SiC played an important role 

in phase transformation and strengthening the interfacial bond.  The enhanced toughening is 

attributed to the crack deflections and crack branching (Figures 4.10a and 4.10b) redistributing 

the stress at the crack tip and increasing the energy to propagate the crack further into the 

composite [37]. In the case of fiber-reinforced composites, crack bridging happens when the 

applied stress is transferred to the fibers causing an elastic deformation that reduces the stress at 

the crack tip [51]. In the case of SiC-Cord and SiC-Spod composites, the crack bridging happens 

due to the residual stresses created on the SiC particle due to the strong interface of mineral 

binders which pushes the cracks together leading to crack closure (Figure 4.10b). The cleavage 

marks found in Figure 4.9a are representative of crack deflection [52]. The formation of crack 

deflection marks is due to the differences in the coefficient of thermal expansion of the present 

phases and is expected to increase the strength of the SiC/mineral binder composites. In the study 

of Al2O3 reinforced with SiC composite, the fracture strength was increased due to the 

transgranular failure mechanism caused by the pressure stresses on the grain boundaries caused 

by the reinforced nanoparticles [53]. Similarly, in SiC-Cord and SiC-Spod composites, the 

increased strength is due to the strong interfacial bond that created pressure stresses at the grain 

boundaries of SiC particles causing a transgranular failure. Therefore, the enhanced mechanical 

strength of SiC-Cord and SiC-Spod is attributed to three factors: i) a combination of crack 

deflection, crack branching, and crack bridging mechanisms, ii) transgranular failure due to the 

pressure stresses caused by the strong interfacial bond, iii) residual stress caused due to 

differences in thermal expansion among phases.  
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Materials used for mirror and mirror blank applications should have excellent thermal stability as 

they will be exposed to a large environmental change. It was reported that the dimensional 

variation of the mirror material with temperature can cause alignment drift in the optomechanical 

reference systems causing inaccurate measurements [54]. Measurements of the compressive 

strength of the SiC-mineral composites before and after thermal shock showed comparable 

values for each and a difference in the strain to failure was observed on the thermally shocked 

samples which is indicative of the thermal residual stresses created due to the differences in their 

thermal expansion coefficients. It was measured that the strain to failure decreased in the order of 

SiC-Spod (12.73%) < SiC-Cord (21.12%) < control SiC-Cris (23.81%). The dimensional 

stability measurements before and after thermal shock in Figure 4.12 showed a minimal increase 

in the diameter and height of the SiC-Cord and SiC-Spod composites. However, it showed a 

significant increase in height for the control SiC-Cris owing to the expansion of the cristobalite 

phase. The introduction of Cordierite and Spodumene minerals reduced the percentage reduction 

in the strain (dimensional change) upon thermal shock. Upon addition of the mineral binders 

such as cordierite and spodumene, crack sealing was observed in all composites during thermal 

shock. The crack healing and crack bridging process was facilitated due to the formation of the 

glassy phase of SiO2, Mg/Li-based reacts which prevents cracks from growing [55–56]. 

The thermal expansion coefficient (α) (CTE) and the thermal strain (ΔL/L0) of SiC-Cord and 

SiC-Spod in the temperature range from -90 ⁰C to 80 ⁰C are shown in Figure 4.7. The CTE for 

SiC-Cord measured 0.58 x 10-6/ °C at -91.15 °C and 3.78 x 10-6/°C at 49.85 °C while that of SiC-

Spod was 1.56 x 10-6/ °C at -91.15 °C and 3.68 x 10-6/°C at 49.85 °C. It can be noted that at -90 

°C, the effect of the CTE of the binder is responsible for the observed lower CTE of SiC-Cord 

compared to SiC-Spod.  On the other hand, at 50 °C comparable values of the CTE were 
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recorded for the SiC-Cord and SiC-Spod which provides evidence of the ability of the surface 

activation treatment in creating a stable interface with mineral binders. The thermal conductivity 

of the SiC-Cord and SiC-Spod was 6.74 W/m. K and 3.28 W/m. K, respectively with an 

uncertainty of 0.07 (Figure 4.8). The thermal conductivities of SiC-Cord and SiC-Spod are lower 

than pure SiC ceramic. Such reduction in the thermal conductivities upon introduction of Al2O3-

containing composites is expected due to the dissolved oxygen in the lattice of the non-oxide 

ceramic such as AlN and Si3N4. In the case of SiC, the presence of oxygen on the surface of SiC 

particles and the oxygen within the lattice of SiC grains are responsible for the detrimental effect 

on thermal conductivity. It was also reported that a larger volume percent of silicate secondary 

phases reduces the thermal diffusivity of the SiC composite [60]. However, these values are 

higher than those reported in the literature for commercially available mirror materials like 

Cordierite CO720 and Zerodur Class 0 which measured 4.68 W/m. K and 1.52 W/m. K, 

respectively.  For both composites, the high percentage of SiC (80%) is responsible for the 

relative increase in the CTE and thermal conductivity compared to pure cord and Spod [62]. 

Therefore, the thermal properties of SiC-mineral binder composites can be tailored by modifying 

the ratio of SiC to mineral binders.  

The differences in the lattice constants ‘a’ and ‘c’ of the composites (table 2) and the crystallite 

size of cristobalite in the mineral binder composites against control SiC-Cris (table 1) were 

measured. It was observed that both lattice parameters ‘a’ and ‘c’ showed a significant difference 

for SiC-Spod composites and SiC-Cord showed minimal to no change. The expansion in the c-

axis of SiC-Spod is attributed to the changes in the bond angles between silica and alumina 

tetrahedra at the junction between SiC particles which was caused by the anisotropic thermal 

expansion of β-spodumene [63]. The changes in the lattice parameters are associated with strain 
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energy that induces mechanical strength and toughness of the mineral binder composites. The 

crystallite size of the cristobalite increased after the addition of mineral binders which was 

expected as the constituents of the composites formed a solid solution upon heat treatment at 

1200 °C. Hence, the high thermomechanical and dimensional stabilities of the SiC-Cord and 

SiC-Spod can be attributed to the near-zero thermal expansion of the binder phases and the 

strong interfacial bond. Thus, the in-situ reaction between the silica layer on the SiC particles 

and the mineral binders created a bonding zone with transitional ionic concentration producing a 

composite that showed good thermo-mechanical properties.  

The manufacturing of the SiC-mineral composites are done by sintering the pressed green bodies 

at 1200 °C (section 2.2). This is an innovative approach of sintering at a relatively low 

temperature using a surface activation technique [23-27]. This does not require techniques like 

high compact pressures including hot pressing and cold pressing, high-temperature sintering, 

sintering in controlled atmospheres, and glass melting. A strong interfacial bond between SiC 

particles was created by ionic substitution at the interface of SiC and the mineral binder. The 

density of SiC-Cord and SiC-Spod samples were 2.74 ± 0.06 g/cm3 and 2.61 ± 0.11 g/cm3, 

respectively. These values are lower than other mirror materials reported in the literature. For 

example, SiC mirrors processed by CVD, reaction bonding, or hot pressing had a density in the 

range of 3.1 – 3.2 g/cm3 [64]. Metal-Matrix such as SiC/Al composite showed a density of 2.94 

g/cm3 [36]. In this study, the combination of lightweight cordierite (2.3 g/cc) and spodumene 

(2.4 g/cc) in SiC (3.2 g/cc) reduced the overall density of the composite.  

Conventional SiC mirrors like SiCSPACE also require a CVD coating called cladding to obtain a 

mirror surface.  This overcomes the difficulties of polishing pure SiC mirrors. However, the 

CVD technique possesses limitations that include: i) coating of large-size mirrors, ii) high 
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manufacturing cost, and iii) processing difficulties [38]. However, the novel sintering technique 

using silica gel and mineral binders in this study softens the edges and surface of the SiC 

particles by surface activation and solid solution formations that enable an easy mirror polish to 

the surface (Figure 4.5). On the other hand, choosing the right coating material is also crucial in 

polishing. The coating materials are chosen based on i) its removability, ii) smoothness to get 

polished, and iii) the close match of their CTEs. Hence silicon and fused silica were chosen as 

good coating materials for SiC [37]. Also, obtaining a mirror finish on a SiC composite is often 

challenging due to its abrasiveness and high surface hardness. In this study, the difficulties of 

getting a polished surface have been overcome by i) the formation of SiO2 through surface 

activation, ii) including cordierite and spodumene as binders. The formation of a silica gel layer 

softens the rough edges of the SiC particles enabling smooth polishing. The high Ra value 

obtained from AFM roughness analysis in section 3.4 is attributed to the difference in material 

removal between SiC and Mineral binder.  However, that difference did not significantly affect 

the ability to polish the composite to a final mirror surface finish. Cordierite and Spodumene are 

silicate minerals used as mirror materials due to its smoothness and ease of polishing. Hence 

SiC-Cord and SiC-Spod composites can be used as mirror material without the need for a 

polishing layer. Also, the reflectivity of the surface of the SiC-Cord and SiC-Spod composites 

can be improved by controlling (i) the SiC to mineral binder ratio, (ii) the sintering parameters, 

(iii) and by adding fine polishing steps such as electropolishing.  

 

4.5. Conclusions 

The SiC-Cord and SiC -Spod composites exhibited excellent specific stiffness, thermal 

stability, low density, and a mirror surface finish. The Si-Al ionic substitution at the interface 
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between surface activated SiC and the mineral binder resulted in a strong interfacial bond with a 

gradient ionic concentration which facilitates thermal and mechanical signals transfers across 

phases. This facilitated high strength and modulus to the SiC-mineral composite. SiC-Cord and 

SiC-Spod composites showed good dimensional stability and reduction in strain-to-failure upon 

thermal shock were attributed to the strong interfacial bond and the low thermal expansion of the 

pure phases of cordierite and spodumene. The CTE at room temperature for SiC-Cord and SiC-

Spod composites were 3 ppm/K and 3 ppm/K, respectively. These values are significantly lower 

than the CTE reported for commonly used spaceborne mirrors such as O-30 Be (11.4 ppm/K), 

6061 Al (22.5 ppm/K), Mg (24.8 ppm/K), and TA6V (8.6 ppm/K). SiC-Cord and SiC-Spod 

composites also exhibited the capability to be polished to a mirror finish. It should be noted that 

commercially available cordierite and spodumene are glass-ceramics i.e., partially containing 

amorphous phase which affects the thermo mechanical properties of these materials. In our 

research, we prepared crystalline forms of cordierite and spodumene without prior glass 

preparation of either material. The mineral format of the binders among other structure 

parameters is responsible for the improved mechanical properties of SiC-Cord and SiC-Spod 

compared to the commercially available Zerodur and Cordierite. Therefore, SiC-Cord and SiC-

Spod composite can be very well used for space mirrors. The applications of SiC-mineral 

composites can also be extended to power electronics as substrates for holding high-temperature 

components and as catalytic converters in automobile exhaust systems, filters, and in combustion 

engines. 
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CHAPTER 5:  CONCLUSION 

The focus of the dissertation is to obtain processing techniques to successfully 3D print SiC 

composites. Secondary surface activation, use of mineral binders were two major phenomena 

which were used to achieve maximum densification and strengthening to the composites. 3D 

printed SiC samples were densified and strengthened using siloxane bonding and secondary 

surface activation. Further, by using SiC-mineral binders another post-treatment approach for 3D 

printed discs were obtained. The ionic diffusion of Al and Si at the interface of silica gel and the 

mineral binders created a strong adhesion between SiC particles. Due to which a trans granular 

failure mechanism was observed. Further, by characterizing the thermo-mechanical properties of 

SiC-mineral binder composites, it was found that they high strength, specific stiffness, low 

coefficient of thermal expansion, excellent thermal shock resistance, and comparable thermal 

conductivity which makes them a suitable candidate for space mirrors and high temperature 

applications.  

Chapter 2 focused on the 3D printing of SiC in powder bed binder jet with water binder. To 

improve the green density of the printed part, coarse and fine particle sizes of SiC are 

homogenously mixed. The coarse particles of average particle size ~40 μm were pre-treated with 

NaOH to create silica gel layer at the room temperature. 70% of this pre-treated SiC was mixed 

with 15% of 2 μm and 15% of 600 nm randomly shaped particles of SiC.  This combination of 

particle sizes enabled good spreading of the powders and mechanically filled the voids between 

particles. Further, the handling strength was improved by creating a siloxane bonding between 

particles of the as-printed green parts at 650 °C for 5 h. These discs were further impregnated in 

various concentrations of NaOH (1%, 10% and 20%) and various temperatures (800 ⁰C, 900 ⁰C, 
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1000 ⁰C) to improve its mechanical strength.  The optimal concentration of NaOH, temperature, 

and dwell time were found to be 10%, 1000 °C, and 2h. At these processing parameters, the 3D 

printed samples showed excellent strength and dimensional stability.  

Chapter 3 focused on creating a novel sintering technique to densify and strengthen SiC particles 

by introducing mineral binders such as cordierite and spodumene as a bonding material. 

Cordierite and spodumene are known for their excellent thermal stability and nearly zero thermal 

expansion coefficient. Strength of SiC-Cord and SiC-Spod were found to increase due to the 

lattice distortion and the ionic diffusion of Al3+ into the silica layer at the interface with the 

mineral binder of the binder phase. The liquid phase transformation of the binders facilitated 

particle fusion and reduced the porosity percentage and the pores size. SiC-Cord and SiC-Spod 

samples showed excellent thermal shock resistance and dimensional stability after quenching in 

water from 1200 ⁰C. Results of the study suggest that the SiC-mineral binder composites can be 

used as thermal materials and can be used as a post-treatment technique for the samples that are 

3D printed in powder bed binder jet.  

Chapter 4 focused on commercializing the SiC-Cord and SiC -Spod composites for space 

applications. The strong interfacial bond with a gradient ionic concentration facilitated thermal 

and mechanical signals transfers across phases. This imparts the high strength and modulus to 

the SiC-mineral composite. SiC-Cord and SiC-Spod composites showed good dimensional 

stability and reduction in strain-to-failure upon thermal shock.  A significantly low CTE at room 

temperature for SiC-Cord and SiC-Spod composites were 3 ppm/K and 3 ppm/K, respectively. 

These values are significantly lower than the CTE reported for commonly used spaceborne 

mirrors such as O-30 Be (11.4 ppm/K), 6061 Al (22.5 ppm/K), Mg (24.8 ppm/K), and TA6V 

(8.6 ppm/K). We were also able to obtain a mirror like surface finish with SiC-Cord and SiC-
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Spod composites.  Usually, the commercially available cordierite and zerodur are glass-ceramics 

i.e., partially containing amorphous phase which affects the thermo mechanical properties of 

these materials. In our research, we prepared crystalline forms of cordierite and spodumene 

without prior glass preparation of either material. The mineral format of the binders among with 

other structure parameters is responsible for the improved mechanical properties of SiC-Cord 

and SiC-Spod. Therefore, SiC-mineral binder composite can be very well used for space mirrors. 

The applications of SiC-mineral composites can also be extended to power electronics as 

substrates for holding high-temperature components and as catalytic converters in automobile 

exhaust systems, filters, and in combustion engines. 
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APPENDIX A: DEPTH CURING DATA FROM DIGITAL LIGHT PRINTING (DLP) 

 

FIGURE A1: Thickness of one layer from depth curing of SiC-Cordierite composite at different 

exposure times at a loading of 50/50.   

 

 

FIGURE A2: Thickness of one layer from depth curing of SiC-Cordierite composite at different 

exposure times at a loading of 60/40.   
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FIGURE A3: Thickness of one layer from depth curing of SiC-Cordierite composite at different 

exposure times and loading ratios. SiC powder used here is a combination of pre-treated 40 µm 

(70%), 2 µm (15%) and 600 nm (15%) at a power of 750. 

 

 

FIGURE A4: Thickness of one layer from depth curing of SiC-Cordierite composite at different 

exposure times and loading ratios. SiC powder used here is a combination of pre-treated 40 µm 

(70%), 2 µm (15%) and 600 nm (15%) at a power of 850. 
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FIGURE A5: Thickness of one layer from depth curing of SiC-Cordierite composite with 

different ratios of cordierite at a loading ratio of 60/40 at a power of 750.  

 

 

 

 

 

 

 


