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ABSTRACT 

This dissertation aims to develop a novel thermal stereolithography process for shaping 

polymer-derived ceramics (PDCs). This method solves issues in UV-based additive 

manufacturing (AM) for ceramic resin 3D printing where high refractive index (RI) fillers lead to 

low light penetration and resolution. By adopting a thermal NIR laser for the SLA process and 

using thermal curing, higher loadings of ceramics with higher RI difference between the particles 

and the resin can be processed. As a result, resin formulations based on SiC, Si, and Si3N4 

precursors can be processed with SLA printing to yield 3D structured green bodies that can 

undergo subsequent pyrolysis to ceramics.  

In the first part of the research, an acrylate-based resin composition was proposed for 

SiC-Composite ceramics thermal SLA. This resin composition is based on passive fillers, which 

do not change throughout the entire process but contribute to the final ceramic yield. The printed 

structures are debinded and subject to polymer infiltration pyrolysis (PIP), which densifies and 

strengthens the printed structures. Using a small amount of preceramic polymer in the resin, a 

percolated structure was formed between particles during debinding to provide additional 

support for the porous green part. Various 2 D and 2.5 D structures and lattices composed of 

SiC-Composite ceramics were fabricated through this process, which has improved mechanical 

properties (flexural strength and toughness) at low pyrolysis temperatures (800 C). 

In the second part of the research, a preceramic polymer (PCPs)-based resin was utilized 

for AM of highly crystalline SiC-Composite ceramics using reaction bonding. Elemental silicon 

nanoparticles were blended into the resin composition as active fillers. This printing of silicon 

particle-containing resin is only achievable with the thermal SLA process, as silicon has an 



 

extremely high RI of 5.44, compared to a refractive index of the resin of approximately 1.4 - 1.6. 

The addition of active fillers eliminates the residual carbon from PCP pyrolysis at elevated 

temperatures and improves mechanical properties.  

In-situ Raman spectroscopy was used to characterize the polymer-to-ceramic conversion 

process for PDCs. This analysis allowed for real-time reaction rates to be measured. The high-

temperature polymer reaction kinetics were analyzed with the in-situ setup, and the reaction 

kinetics were clearly illustrated in this research with complementary ex-situ studies. Finally, 

highly crystalline SiC-Composite ceramics with overhangs are demonstrated with both lab-scale 

thermal printers and 3DCeram, Sinto industrial printers. Finite element analysis (FEA) for 

thermal printing was also conducted to optimize the printing process and maximize the printing 

resolution.  
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CHAPTER 1: INTRODUCTION 

1.1. Overview 

Ceramics, an ancient material dating back to approximately 24,000 BC1, were developed 

for daily human applications between 6,000 and 4,000 BC1. Their exceptional refractivity, 

strength, and hardness have secured their unique position in diverse applications2, ranging from 

home appliances to refractory furnaces. However, these advantageous properties are 

counterbalanced by inherent drawbacks, including brittleness, hardness, and limited processing 

flexibility3, which constrain3,4 their production and application5. 

The advent of technical ceramics6, such as silicon carbide (SiC), silicon carbonitride 

(SiCN), boron nitride (BN), silicon oxycarbide (SiOC), silicon nitride (Si₃N₄), and silicon 

oxynitride (SiON), have garnered significant interest in aerospace, medical, automotive, and 

extreme environment applications7,8 due to their exceptional high-temperature performance, 

mechanical properties, and hardness. Compared to other material families, including polymers, 

metals, and composites, technical ceramics and composite ceramics have expanded their 

applications9 across numerous fields. However, traditional top-down processing methods, limited 

by the inherent brittleness and hardness of these materials, impose significant challenges10. The 

development of PCPs and their AM technologies11 has ushered into a new era for technical 

ceramics, enabling accurate and rapid prototyping via bottom-up 3D printing12. 

Additive manufacturing, or 3D printing, represents a transformative approach to 

composite ceramics fabrication, offering design freedom, rapid prototyping, and reduced 

waste22,23. The most prevalent 3D printing techniques for composite ceramics include selective 

laser sintering (SLS), binder jetting, extrusion-based printing, and SLA24,25. Among these, SLA 
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is particularly promising for fabricating intricate composite ceramics parts with high fidelity and 

accuracy26. Its relatively simple setup and less stringent environmental requirements further 

enhance its popularity in PDC 3D printing. 

The typical vat photopolymerization process for 3D printing composite ceramics 

comprises three key steps: resin formulation, 3D printing, and pyrolysis/post-processing13,14. The 

resin formulation involves combining functionalized PCPs, crosslinkers, light absorbers, 

inhibitors, initiators, and ceramic fillers15,16. In the 3D printing step, the resin is transferred to 

SLA or digital light processing (DLP) printers17, where ultraviolet (UV) light is used to solidify 

the resins, creating a well-defined pattern selectively18. Sequential layer-by-layer deposition 

enables the construction of 3D structures. The final post-processing step aims to achieve the 

desired structural integrity and mechanical performance19. Two primary approaches exist for 

obtaining dense composite ceramics parts – if only particulate fillers are desired, the as-printed 

part undergoes debinding to remove non-ceramic-forming polymers, followed by backfilling 

with PDCs for densification and strengthening; alternatively, if the polymeric binders are 

desired, the entire printed resin structure undergoes pyrolysis20. During pyrolysis, active fillers 

promote ceramic formation and sintering21, while passive fillers contribute to the final density 

and strength18. 

The chemical processes behind the composite ceramics SLA printing process are as 

critical as the printing process itself. The process involves two primary stages. First, during SLA 

printing, functionalized PCPs with allyl or vinyl groups undergo crosslinking with smaller 

molecular weight crosslinkers via free-radical thiol-ene or vinyl polymerization27,28. Once the 

polymer reaches the gelation point and achieves sufficient crosslinking density, subsequent 
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layers can be deposited28. Second, during pyrolysis, the polymer-to-ceramic transformation 

occurs through a series of stages, including post-curing, polymeric decomposition, pyrolysis, and 

crystallization29,30. A thorough understanding of these stages is essential for optimizing 

composite ceramics 3D printing, leading to improved properties and enhanced energy 

efficiency31. 

1.2. Significance of this research 

The prevailing body of current research on PDC 3D printing predominantly utilizes UV 

light for polymerizing functional polymers32. This reliance on UV-based free-radical 

polymerization significantly restricts the composition of printable resins. Specifically, the SLA 

process is constrained by the kinetics of UV polymerization, the content, type, and shape of 

particulate fillers, and the overall polymerization chemistry33,34. Moreover, high-intensity UV 

light can accelerate polymer degradation, leading to defects in the green body35. A critical 

challenge arises when fabricating high-performance SiC-based ceramics, as high loadings of sub-

micron SiC or Si particles scatter and absorb UV light, preventing adequate penetration and 

polymerization36,37. Consequently, a novel printing process is imperative to overcome these 

limitations and enable the production of high-performance SiC-based ceramic composite. 

This dissertation aims to advance 3D printing technology and material development for 

technical ceramics. Specifically, it addresses the aforementioned challenges by exploring and 

developing a novel thermal SLA printing technique. Furthermore, a comprehensive 

understanding of the PCP pyrolysis process is crucial, as the polymer-to-ceramic transformation 

is a complex thermodynamic and kinetic process. Precise temperature and time control are 

essential for obtaining composite ceramics with the desired compositions and structures. 



4 

The current research objective aims to address five major issues in printing PDCs: 

(1) Chapter 3: The difficulties in utilizing UV light in printing highly ceramic-loaded PCPs 

during SLA and DLP have limited the fabrication of high-performance composite 

ceramics. The current research proposes to solve this issue by proposing a completely 

different SLA printing technology – thermal SLA printing, where NIR laser is employed 

to create features from a resin pool. 

(2) Chapter 4: This chapter expands the application of thermal SLA to fabricate 3D objects 

and lattice structures. Furthermore, to address the challenge of weak and unstable porous 

bodies resulting from debinding prior to PIP, a supporting structure is incorporated 

during the debinding process to maintain the structural integrity of the parts. Through 

these advancements, 2.5D printed composite ceramics with enhanced properties are 

achieved. 

(3) Chapter 5: Silicon nanoparticles as active fillers are introduced into the PCPs resin 

compositions instead of passive fillers in the previous chapters. The active fillers will 

facilitate reaction bonding in the sample during pyrolysis. As a result, highly crystalline 

carbon-free Composite ceramics are obtained in current research, where the highest 

mechanical performance and resolution in 3D-printed composite ceramics are 

demonstrated. 

(4) Chapter 6: While a plethora of current literature has revealed the structure properties of 

PDCs along with their polymer-to-ceramics transition behaviors, little is known about 

how the in-situ reaction takes place throughout the pyrolysis procedure and how fast the 

polymer-to-ceramics transition is occurring. This chapter focuses on exploring the in-situ 
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characterization of the polymer-to-ceramics transition process and the kinetics behind 

ceramics formation, detailing every step in PCPs, from polymers to crystalline ceramics. 

(5) Chapter 7: Although thermal SLA can easily access a broader range of materials, printing 

resolution is a major drawback. Thermal diffusion into the surrounding area is the major 

issue limiting the resolution of thermal SLA. This chapter focuses on developing an 

analytical model to analyze the factors affecting thermal SLA resolution, and the results 

are also applied to experiments. Moreover, through collaborative work with 3DCeram, 

Sinto, a sub-100 μm level of resolution was obtained with thermal SLA. 

 

 

 

 

 

 

 

 

 

 

 



6 

CHAPTER 2: LITERATURE REVIEW 

2.1. Polymer-derived ceramics 

2.1.1. Definition and advantages 

PDCs represent a revolutionary class of crossover materials bridging the gap between the 

processability of polymers and the high-temperature performance of ceramics35,38. Unlike 

traditional ceramics produced through high-temperature sintering of powders, PDCs are 

synthesized via the controlled thermal decomposition (pyrolysis) of PCPs in inert atmospheres 

(typically nitrogen or argon)39. This unique approach offers significant advantages in terms of 

processing, microstructure control, and ultimately, material properties40. 

PCPs are inorganic or organometallic polymers featuring backbones composed of 

elements such as silicon, boron, carbon, and nitrogen40,41. Notably, these polymers possess 

reactive side-chains (e.g., vinyl, allyl, or hydride groups) that facilitate the polymerization 

reactions, such as hydrosilylation or free-radical polyaddition42. This crosslinking step is 

essential for creating a self-supporting, rigid, three-dimensional network prior to pyrolysis, 

enabling shape retention during the transformation from polymer to ceramic43. The inherent 

flexibility of PCPs before crosslinking allows for the application of diverse shaping techniques, 

including casting, molding, fiber drawing44, and, crucially, additive manufacturing45. 

The pyrolysis process converts the crosslinked PCPs into an inorganic ceramic 

material46,47. During pyrolysis, hydrogen and organic side chains are eliminated as volatile 

byproducts, and the remaining inorganic framework undergoes further condensation and 

rearrangement, leading to the formation of either amorphous or crystalline ceramic structures47, 

or often a combination of both (a composite ceramic). This contrasts sharply with traditional 
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ceramic processing, which relies on the sintering of particulate matter under extreme conditions, 

often requiring high pressures and prolonged sintering time at temperatures ranging from 1500°C 

to over 2200°C48. Such conditions demand significant energy input and specialized equipment, 

which is hard to obtain in a laboratory or small factory setting.  

The advantages of the PDC route over traditional sintering are multifaceted. The 

pyrolysis of PCPs typically occurs at temperatures between 800°C and 1500°C49, significantly 

reducing energy consumption and enabling the use of less specialized equipment. The ability to 

shape the precursor polymer before pyrolysis minimizes or eliminates the need for extensive 

machining of the final ceramic component, reducing material waste and manufacturing costs42, 

enabling near-net-shape forming, and reducing cracking or damaging the samples during top-

down machining50. Furthermore, the chemical composition and molecular architecture of the 

PCPs directly influence the compositions, phase distributions, and microstructures of the 

resulting PDCs40. This allows for precise tailoring of properties such as strength, hardness, 

toughness, thermal stability, and oxidation resistance40. Specifically, the presence of amorphous 

phases, like SiOC or SiCN, within the PDC structure can significantly enhance toughness and 

oxidation resistance compared to fully crystalline, conventionally sintered ceramics51. The 

amorphous regions can absorb energy during crack propagation, while crystalline domains may 

deflect cracks, further increasing energy absorption. This composite nature of many PDCs, often 

incorporating both amorphous and crystalline phases, leads to improved fracture toughness51. 

Furthermore, amorphous ceramic phases, such as SiOC and SiCN, also exhibit superior 

oxidation resistance compared to their crystalline counterparts52. This is because amorphous 

ceramics have multiple grain boundaries and carbon nanodomains that separate phases apart 
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from each other; these boundaries largely slow down the diffusion process and effectively 

protect the ceramics from oxidation53. 

Several classes of PCPs are commonly employed, each leading to distinct ceramic 

compositions. Polysilanes feature a silicon-silicon backbone and are excellent precursors for SiC, 

particularly when stoichiometric control is desired54. Polycarbosilanes are arguably the most 

versatile class of PCPs, offering high SiC yields, excellent processability, and good thermal 

stability, in addition to their commercial availability54. Their structures, including the nature of 

the side-chain functionalities, can be tailored to provide a wide range of compositional and 

microstructural controls for different applications. Polysilazanes are precursors for Si3N4 and 

SiCN-based ceramics. They are particularly well-suited for the fabrication of thin films and 

coatings due to their exceptional oxidation resistance and low viscosity in the polymer form55. 

Polysiloxanes (silicones), characterized by a silicon-oxygen backbone, transform into SiOC upon 

pyrolysis54. SiOC exhibits excellent high-temperature stability and fracture toughness.  

The selection of a specific PCP is a critical decision that dictates the subsequent 

processing steps and the properties of the final ceramic54. The physical and chemical 

characteristics of the PCP, such as viscosity, reactivity, and thermal decomposition behavior, 

influence the choice of shaping and processing techniques56. For instance, low-viscosity 

polysilazanes are well-suited for AM techniques like DLP due to their facile flowability and 

rapid photopolymerization57. The PCP's chemical structure directly determines the final PDC 

composition. Variations in stoichiometry, crosslinking density, and molecular weight influence 

pyrolysis behavior and the resulting ceramic phase assemblage58. The presence and nature of side 

chains on the PCP backbone directly impact the formation and content of graphitic carbon 
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domains within the PDC, further influencing its properties. For example, hydrocarbon side 

groups like phenyl, benzyl, and allyl are notoriously good at turning graphitic carbon into 

graphitic carbon in ceramics after pyrolysis59.  

2.1.2. Polymer-to-ceramic conversion 

The polymer-to-ceramic conversion process during pyrolysis is a complex, multi-stage 

transformation encompassing polymerization, decomposition, gas evolution, structural 

rearrangement, and crystallization. As generally outlined in Figure 2.1, this process is critical for 

achieving dense, high-performance ceramic materials from polymer precursors. 

 

Figure 2.1. Thermal decomposition of different PCPs and their products.60 

Initially, the thermal treatment of PCPs induces shaping and crosslinking, establishing the 

near-net shape and enhancing the printed structures' green strength and crosslinking density. This 

initial stage is crucial for preserving the desired geometry prior to the subsequent high-

temperature processing61. 

Following shaping and crosslinking, the PCPs undergo a rapid decomposition phase 

characterized by the elimination of volatile organic moieties such as hydrogen, vinyl, phenyl, 
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silanol, and hydrides. This decomposition is accompanied by significant gas evolution within the 

polymeric matrix, such as CO2.62 To mitigate structural damage caused by rapid gas release and 

oxidation, this stage is typically conducted in an inert atmosphere within a controlled furnace63 

(e.g., a tube furnace) using very slow heating rates (<1 °C/min). The heating rate is a critical 

parameter, as it directly influences the rate of thermal energy transfer to the sample's core and, 

consequently, the kinetics of gas evolution64. Slow heating rates facilitate controlled and more 

homogeneous gas release, minimizing defects' formation and preserving the samples' structural 

integrity. Notably, PCPs experience substantial shrinkage (up to 60 %65) during this phase, 

highlighting the importance of controlled gas evolution to prevent cracking and deformation65. 

As the temperature increases, the decomposition process continues, albeit with a reduced 

rate of gaseous species evolution, as most organic species are burnt off at this stage. Instead, 

graphitic carbon begins to form and aggregate into nanodomains within the material59. 

Simultaneously, the polymer backbone transforms into amorphous ceramic phases, such as SiOC 

or SiCN66,67. These amorphous ceramics exhibit excellent thermal stability and shock resistance. 

The formation of nanodomains, where amorphous ceramic regions are interspersed with carbon 

clusters, creates a unique microstructure that impedes atomic diffusion across domain 

boundaries59,68. This microstructural feature contributes to the enhanced thermal stability of the 

material, enabling it to withstand temperatures up to 1500 °C with minimal structural or 

compositional changes68. 

Beyond 1500 °C, the amorphous ceramic phases undergo crystallization, where this stage 

involves the nucleation and growth of crystalline phases within the amorphous matrix69–71. 

Sintering mechanisms facilitate interparticle bonding as crystals grow and impinge upon each 
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other. During a typical sintering process, the contacting crystals first form necks, which then 

grow into bridges. Finally, the ceramic material densifies with sufficient mass transport, resulting 

in a compact, consolidated structure. While sintering is effective for densification and 

strengthening, it is an energy-intensive process requiring specialized high-temperature furnaces 

and precise control of the thermal environment72. Consequently, alternative densification 

techniques, particularly those compatible with PDCs, are being investigated to enhance 

efficiency and reduce energy consumption73. 

2.1.3. Post-processing and densification 

Achieving high-density PDCs often necessitates post-processing techniques to mitigate 

pyrolysis's inherent shrinkage and porosity. The significant density difference between polymers 

(typically ~ 1 g/cm³) and ceramics (often > 3 g/cm³) leads to substantial volumetric shrinkage 

during the polymer-to-ceramic transition73. This shrinkage is further exacerbated by the 

continuous evolution of gaseous species from the sample's interior. Pressurized heating methods, 

such as spark plasma sintering (SPS)74 and hot isostatic pressing (HIP)75, are effective strategies 

for densification during pyrolysis. Applying external pressure and, in the case of HIP, isostatic 

pressure during pyrolysis effectively counteracts these challenges, promoting densification and 

minimizing porosity. However, these techniques are associated with higher energy consumption 

and require specialized, high-temperature equipment, which can limit their widespread 

applicability74,75. 

Alternative densification techniques, including melt infiltration (MI)76, polymer 

infiltration and pyrolysis (PIP)77, liquid silicon infiltration (LSI)78, and chemical vapor 

infiltration (CVI)79, offer effective means of densifying porous ceramic structures. As previously 
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discussed, PCPs undergo significant shrinkage during pyrolysis, while passive fillers within the 

resin remain dimensionally stable. This disparity results in the formation of pores and voids 

within the pyrolyzed structure. To achieve optimal density and mechanical strength, it is crucial 

to fill these pores with additional material78. 

Methods like MI and LSI directly backfill the porous pyrolyzed structures by introducing 

liquid metal or silicon into the pores76,78. A vacuum is typically applied to facilitate infiltration, 

ensuring complete filling of the interconnected porosity. Similarly, PIP involves infiltrating the 

porous ceramic body with liquid PCPs, which are subsequently converted to PDCs through 

further pyrolysis cycles. Repeated PIP cycles lead to progressive densification and enhanced 

mechanical properties78. 

In contrast to liquid-based infiltration techniques, CVI utilizes gaseous precursors to 

infiltrate the porous structure79. This approach effectively overcomes the limitations imposed by 

capillary forces, which can hinder liquid infiltration into fine pores with small diameters79. By 

employing gaseous species, CVI enables uniform deposition of ceramic material throughout the 

porous network, resulting in high-density, homogeneous PDCs79. 

2.1.4. Applications 

PDCs possess a unique combination of chemical and physical properties that render them 

exceptional high-performance materials73. Their tunable electrical properties, achievable through 

the incorporation of conductive fillers, expand their utility in electronic applications. 

Furthermore, recent studies have demonstrated ultra-high piezoresistivity in PDCs such as SiCN 

and SiOC, with piezoresistive coefficients ranging from 1000 to 400073. This remarkable 

sensitivity to mechanical stress and their adjustable electrical conductivity position PDCs as 
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promising candidates for high-temperature applications, including microelectromechanical 

systems (MEMS) and battery electrodes73. 

The mechanical performance of PDCs, characterized by their high strength, toughness, 

hardness, and high-temperature stability, constitutes their most significant attribute. Historically, 

PCPs have served as precursors for the fabrication of ceramic fibers exhibiting extraordinary 

mechanical properties80. Ceramic fibers like SiBCN, SiC, SiOC, and BN, among others, reported 

in the literature demonstrating elastic moduli up to 400 GPa81. The inherent high hardness and 

strength of PDCs also make them ideal for coating and structural applications80. They can be 

fabricated into complex shapes or deposited onto various substrates, providing robust protection 

against scratching, weathering, corrosion, and wear80. 

The combination of PDCs with various ceramic fillers, including fibers and particles, 

leads to the formation of composite ceramics9. These composite ceramics leverage the inherent 

flexibility of the PDCs and the superior performance of the ceramic reinforcement, resulting in 

materials with enhanced mechanical properties and stability. This tailored approach allows for 

the development of advanced materials capable of withstanding extreme operating conditions. 

Their exceptional high-temperature performance further extends their applicability to demanding 

sectors such as aerospace, automotive, and energy9,82,83. 

2.2 AM of ceramics 

2.2.1. Overview of ceramics AM  

The advent of PCPs has significantly advanced the field of ceramic AM, enabling the 

fabrication of complex ceramic structures with tailored compositions and architectures84. AM 

technologies, also known as 3D printing, offer unparalleled design freedom and the ability to 
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produce near-net-shape components, effectively bridging the gap between the design flexibility 

of polymers and the high-performance characteristics of ceramics18,85. 

A variety of PCP-based ceramic resin formulations and AM techniques have been 

developed to meet the diverse requirements of various applications86. These AM methods 

include extrusion-based printing, vat photopolymerization, material jetting, and selective laser 

sintering (SLS). While all these techniques utilize a layer-by-layer fabrication approach, they 

differ significantly in their material deposition fashions and solidification mechanisms12. 

Extrusion-based AM involves the deposition of high-viscosity polymeric precursors in a 

controlled manner to build 3D structures. The resins employed in this technique can be either 

thermoplastic, which undergo reversible viscosity transitions upon heating and cooling87; or 

thermoset, which undergoes irreversible curing reactions after extrusion. Thermoset resins 

typically possess high viscosity to maintain structural integrity during deposition so that they can 

retain the shape for the post-curing process88. 

Material jetting utilizes inkjet technology to deposit liquid precursors or binders 

selectively onto a powder bed. In this process, liquid droplets of PCPs are dispensed onto the 

ceramic powder bed through inkjet nozzles. Sequential deposition of powder layers and liquid 

precursors enables the construction of 3D structures50. 

Vat photopolymerization, encompassing techniques such as SLA, DLP, and masked 

stereolithography (MSLA), currently represents a prominent AM approach for ceramics89,90. 

These techniques rely on the free-radical polymerization of resin components within a vat. In 

SLA, a galvanometric system consisting of a set of mirrors directs a focused laser beam across 

the resin surface to selectively solidify the material, forming 2D patterns26,60. While SLA offers 
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high precision, its point-by-point scanning approach can be time-consuming. MSLA addresses 

this limitation by employing an array of light sources and a liquid crystal display (LCD) screen 

as a mask to project entire 2D layers onto the resin surface, significantly accelerating the 

fabrication process.60,91 DLP utilizes a micromirror device (DMD) to project light patterns from 

the source onto the resin vat. DMDs can handle higher energy densities than LCDs, making DLP 

particularly well-suited for processing particle-filled resins, which require greater penetration 

depths.92 Figure 2.2 lists a typical AM process for PCPs, which shows that liquid polymer reins 

are crosslinked through different AM technologies to achieve their final shape and structure. 

 

Figure 2.2. AM of PDCs92 

2.2.2. SLA for PDCs 

SLA has emerged as a particularly well-suited AM technique for the fabrication of PDCs 

among all the methods mentioned in section 2.2.1, primarily due to its high precision and ability 

to produce near-net-shape components with exceptional accuracy and fidelity61,93. Vinyl-

terminated and thiol-terminated resins are widely employed in ceramic-based SLA 

formulations94. While both vinyl-vinyl photopolymerization and thiol-ene click chemistry 

proceed via free-radical mechanisms, thiol-ene reactions offer distinct advantages. The stepwise 

nature of thiol-ene click chemistry minimizes chain transfer and side reactions, leading to 



16 

improved control over the polymerization process. Furthermore, thiols tend to react with oxygen, 

reducing oxygen inhibition and accelerating the curing and printing processes94–96. 

A typical SLA resin formulation for PDC comprises several key components in addition 

to the basic PCPs. Multifunctional crosslinkers, either thiol-terminated or vinyl-terminated, 

facilitate network formation96. Reactive and non-reactive diluents, including monofunctional or 

non-functional species, are incorporated to reduce resin viscosity, thereby enhancing flow and 

recoating during the SLA process. Light absorbers, such as carbon black and Sudan dyes, absorb 

incident UV radiation and transfer the absorbed energy to the monomers, initiating crosslinking. 

Photoinitiators and inhibitors are crucial for initiation and controlling the rate of polymerization. 

Inhibitors, such as benzophenones, effectively scavenge free radicals, extending the shelf life of 

the resin35,94. 

For the SLA type of printing, Jacob’s equation (eq. 2.1) is usually considered the golden 

rule for conducting the printing97, where a working curve curing depth versus energy dosage can 

be plotted to guide the SLA process.  

                                                                   Cd=Dp× ln (
E

EC
)  (2.1) 

 Where Cd stands for the actual curing depth, Dp denotes how far the light can penetrate 

through the resin layers, E means energy dosage applied during the printing process, and Ec is 

the critical amount of energy for the resin to cure.  

2.2.3. Challenges in UV-SLA 

A fundamental challenge in SLA of particle-filled PCP resins lies in achieving adequate 

UV light penetration and adequate polymerization. Effective layer formation requires sufficient 

photon flux to reach a critical depth within the resin, ensuring that the concentration of free 
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radicals reaches a threshold necessary for polymerization and structural integrity97. However, the 

presence of fillers, which are essential for achieving high ceramic loadings, significantly 

complicates this process. These fillers scatter and attenuate UV light, impeding its penetration, 

especially when the RI of these particles is high. Increasing the UV light intensity, while 

potentially increasing the penetration depth, can exacerbate light scattering, leading to reduced 

printing resolution rather than enhanced penetration98,99. Furthermore, even when sufficient 

penetration is achieved, the prolonged exposure times required for highly loaded resins render 

the process impractical for efficient fabrication. While there is no effective method of solving 

this issue, people have been trying to use limited filler loadings and filler sizes during the SLA 

process for PCPs12. 

Shrinkage and warpage pose significant challenges in UV-printed PCP structures. Lower 

particle loadings, while facilitating light penetration, result in greater dimensional changes 

during pyrolysis, compromising the dimensional accuracy of the final ceramic part21. Moreover, 

incomplete curing during printing introduces residual stresses within the samples, leading to 

stress concentrations and potential crack formation. During pyrolysis, the evolution of volatile 

species from the sample's interior can further exacerbate these issues21. In the absence of 

adequate internal support structures, these gaseous species can induce damage, resulting in 

cracks and warpages in the pyrolyzed components21. 

2.3. Characterization of PDCs  

Extensive efforts have been dedicated to the ex-situ characterization of PDCs to elucidate 

their structural-property relationship and polymer-to-ceramic transformation mechanisms. 

Various analytical techniques, including spectroscopy, X-ray analysis, electron microscopy73, 
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and nuclear magnetic resonance (NMR)100, have been employed to characterize PDCs across all 

pyrolysis stages. 

Spectroscopic techniques, such as Fourier-transform infrared spectroscopy (FTIR) and 

Raman spectroscopy, offer convenient and efficient methods for obtaining structural information 

from PCPs and PDCs101. In FTIR, infrared radiation spanning a range of wavelengths is directed 

onto the samples. The absorption of specific wavelengths, corresponding to certain molecular 

vibrational modes, provides insights into the sample's chemical structures102. Conversely, Raman 

spectroscopy utilizes a focused laser beam to induce Stokes scattering, where photons with 

longer wavelengths are emitted and detected103. These techniques are particularly effective for 

analyzing the vibrational modes of polymers, including functional groups and side chains. 

Furthermore, Raman spectroscopy is invaluable for characterizing graphitic carbon, specifically 

the D and G bands, and monitoring the evolution of carbon structures during pyrolysis104. 

X-ray-based techniques, including X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and X-ray reflectivity (XRR), provide complementary structural and 

compositional information. XRD enables the identification of crystalline phases, determination 

of crystallite sizes, and analysis of crystal structures by detecting constructive interference 

patterns arising from X-ray scattering. Bragg's law is then used to calculate the crystal structure 

from the measured patterns93. XPS offers a precise method for analyzing materials' elemental 

composition and chemical environment. Upon irradiation with high-energy X-rays, core-level 

photoelectrons are emitted and detected under vacuum, providing detailed information about the 

chemical states of constituent atoms, particularly valuable for characterizing non-stoichiometric 

ceramics such as SiOC and SiCN105. XRR, by analyzing the reflected X-ray intensity at 
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interfaces, allows for the non-destructive determination of film thickness and density, making it 

particularly useful for characterizing thin films and coatings106. 

Electron microscopy techniques provide direct visualization of the morphological and 

crystalline features of PDCs. Utilizing electrons as probes, these methods offer sub-nanometer 

spatial resolutions, enabling detailed analysis of microstructure21. Scanning electron microscopy 

(SEM) analyzes backscattered and secondary electrons to reveal morphology, grain boundaries, 

and the distribution of amorphous and crystalline phases107. Energy-dispersive X-ray 

spectroscopy (EDS), coupled with SEM, provides elemental composition and mapping, 

elucidating the homogeneity and elemental distribution within the ceramic. Transmission 

electron microscopy (TEM), by analyzing transmitted electrons, allows for the characterization 

of nanodomains and nanocrystalline structures59, revealing features such as nanosized 

turbostratic carbon networks surrounding SiC/Si3N4 nanodomains59. 

Numerous other characterization techniques contribute to a comprehensive understanding 

of the chemical and physical properties of PDCs and PCPs at the sub-nanometer scale21. This 

wealth of information is essential for elucidating the polymer-to-ceramic transformation 

mechanisms, tailoring PDC properties, and developing advanced materials for diverse 

applications. 

2.4. Key findings and research gaps  

From the literature review, it can be concluded that PCPs are becoming a popular choice 

for applications in 3D printing ceramics. Most of the current research has focused on UV-based 

SLA for fabricating composite ceramics, including SiOC, SiCN, and others42,108. These materials 

have shown promising properties and performances. Extensive research has been undertaken on 
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ex-situ structural characterizations of PCPs and PDCs and their potential applications. While the 

current research shows that 3D printing PDCs with enhanced properties is very promising, 

several gaps remain.  

(1) Limited exploration of high-performance ceramics: there is a notable lack of research on 

fabricating high-performance ceramics, such as SiC, using PCP-based AM techniques. 

(2) Challenges in highly loaded resin printing: significant challenges persist in printing 

highly loaded resins, particularly those incorporating high RI fillers, hindering the 

production of dense, high-performance ceramic parts. 

(3) Incomplete understanding of the polymer-to-ceramic transformation: a more detailed 

understanding of this process is required to optimize processing parameters and tailor the 

properties of PDCs. 

(4) Difficulties in achieving highly crystalline and carbon-free PDCs: gaps exist in 

developing strategies for producing these desirable materials for specific high-

temperature applications. 

This thesis will attempt to close some of these gaps in knowledge and described in the 

later chapters. 
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CHAPTER 3: THERMAL SLA OF SIC-LOADED ACRYLATE RESINS WITH PDC 

INFILTRATION 

Parts of this work are adapted from: ACS Appl. Eng. Mater. 2025, 

https://doi.org/10.1021/acsaenm.5c00054. This is the version of the article after peer review or 

editing as submitted by the authors for publication. The publisher is not responsible for any 

errors or omissions in this version of the manuscript or any version derived from it.  

3.1 Abstract 

The implementation of SLA for fabricating 3D-structured PDCs has greatly improved the 

resolution, manufacturing potential, and capability to produce complicated component 

geometries in ceramic materials. However, different material systems impose challenges to the 

traditional UV SLA photocrosslinking process due to a narrow window of material selection 

requirements – UV transparency, UV degradation resistance, ability to support the photoinduced 

radical curing mechanism, and ambient shelf-life stability. Herein, a NIR thermal SLA printing 

technology is demonstrated on a composite thermally-curable acrylate-based highly loaded resin 

to overcome current issues with UV light-driven SLA additive manufacturing of PCPs. For this 

thermal SLA crosslinking method without UV photopolymerization, a high-intensity NIR laser 

( = 808 nm) was used to generate localized thermal heating at the resin pool interface, which 

led to rapid, targeted thermal free-radical polymerization and solidification of the SiC particle-

laden acrylate-based resin during laser scanning. Thermally cured printed parts were 

demonstrated using a gantry-based movement platform and a resin pool in a top-down laser 

scanning configuration. After printing, the green bodies were debinded, followed by PIP during 

post-processing, which enhanced the mechanical strength of the pyrolyzed samples. This work 

https://doi.org/10.1021/acsaenm.5c00054
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demonstrated the fabrication of a reinforced PDC composite material with crystalline SiC fillers 

and an amorphous matrix made of SiOC and SiCN. The flexural strength of the NIR-printed 

samples reached 48 MPa with a fracture toughness of 4 MPa⋅m1/2. 

3.2 Introduction 

The low density, thermal resistance, and high-strength properties of SiC have attracted 

attention from aerospace, turbine, and electronic applications109.  However, as an abrasive 

material, SiC is difficult to machine into high-fidelity structures with complicated shapes. 

Therefore, new methods using novel processing techniques are needed for shaping SiC and 

related carbides109. As an emerging method for fabricating complex, 3D structures, AM has been 

adapted to many materials, namely polymers, metals, composites, and ceramics89. PDCs stand 

out as excellent candidates for AM due to the potential to shape components in an easy-to-

process polymeric form before ceramic conversion60, which has been demonstrated in several 

examples108.  

PCPs such as polysilazanes and polycarbosilanes are promising targets for 3D printing as 

their pyrolysis yields SiCN110 and SiOC101 materials with excellent mechanical properties and 

high ceramic yield. As demonstrated by Wang et al.95, AM methods such as SLA can be applied 

to the rapid fabrication of SiOC 3D structures through free-radical crosslinking and 

solidification, including thiol-ene crosslinking of PCPs. Ceramic materials such as SiCN110, 

SiC111, and PDC composites86 have been fabricated through SLA. Additionally, PCP resins can 

also be formulated with ceramic particles to improve the overall performance of the materials 

and increase the ceramic yield during processing11.  
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PCPs are usually processed thermally in conventional manufacturing, and these thermal 

processes have been adapted to suit various AM methods. There are three major conventional 3D 

printing methods for PCPs: material extrusion, laser powder bed fusion, and sheet lamination. 

Direct ink writing (DIW) and fused filament fabrication (FFF) are examples of material 

extrusion-type printing. For DIW, heat is applied upon extrusion of the material from a nozzle to 

crosslink the PCP and solidify the printed structure. Kemp et al.112 designed a composite ink with 

boron nitride particles and PCP, which cures at elevated temperatures with the help of thermal 

initiators. Gorjan et al.113 proposed a printing method where PCP combined with plasticizer and 

ceramic fillers are used as the solid feedstock, which will melt upon heating, and the extruded 

filament will solidify upon cooling, mimicking typical polymer-based FFF. Selective laser curing 

(SLC) is an example of laser powder bed fusion, a process very similar to SLS of polymers and 

metals. Friedel et al.114 showed that with constant recoating of the feed material, a CO2 laser can 

melt the PCP. It also demonstrated the printing of a 3D structure from a PCP powder bed 

composed of a mixture of PCP and SiC particles. Laminated object manufacturing (LOM) is an 

example of sheet lamination PCP printing. Sieber et al.115 demonstrated a LOM process for PCP 

processing, where paper sheets infiltrated with PCP are stacked together with hot pressing to fuse 

the structure. 

There have been several previous reports on the SLA of PCPs60,116. However, the 

majority of the work has emphasized UV-based SLA97 and DLP97, since acrylate-based 

photoresins rapidly cure under UV light irradiation95, which gives high-resolution and structural 

flexibility117 of the samples. A higher solid content of crystalline ceramic particles is desired in 

PCP formulations28, as these fillers reduce the overall shrinkage during pyrolysis, preserve the 
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structural integrity of the samples117, increase ceramic yield108, and strengthen the final parts86. 

Thermal SLA, as proposed here, solves many issues encountered in UV-based photocrosslinking 

SLA printing, where a much wider selection of polymers and curing mechanisms are available 

for printing, and the particle content in the printing ink can be much higher than 20 wt% (upper 

limit of many UV-printing techniques)86, which ensures high crystallinity and high-density 

ceramic parts after pyrolysis. Thermal printing decreases the need for post-processing of the 

samples, where the samples are strong enough to undergo a direct debinding or pyrolysis 

process. Additionally, the pot life of thermal resin can be much longer than that of traditional UV 

resins109, and no light inhibitors are needed. Due to the intrinsic limitations of UV 

printing111,118,119, several studies have already been conducted on converting IR laser into UV 

light with up-conversion nanoparticles and IR initiators120 in SLA processing. These prior reports 

demonstrate the usefulness of NIR laser thermal curing over UV curing, including higher 

penetration depth and less structural damage121. 

Laser-based technology has attracted much attention in materials processing, including 

processes like stereolithography, cutting, localized heating, and probing122. The earliest use of 

thermal laser-assisted 3D printing of polymers was in 199421, when a high-intensity 10.6 μm 

CO2 laser was used for 3D printing of a ring structure with silica-filled epoxy and polyester. 

High temperatures (200 - 280 C) are often associated with CO2 laser excitation, which leads to 

burning and distortion of the printed structure123. After the debut of AM with IR laser excitation, 

researchers continued to tune IR laser-based processes in making well-defined 3D structures 

using powder bed fusion-based processing to avoid overheating the materials, controlling heat 

diffusion and object resolution, and monitoring the high-temperature process. Fu124 compared a 
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visible 532 nm laser with a 10.6 μm CO2 laser, which was used in curing thermal-initiated resins, 

where it was discovered that both UV and IR wavelengths can cause structural damage by 

electronic and vibrational excitation, respectively. Fortenbaugh et al.125 extended the application 

of a 532 nm laser and applied the photothermal126 effect on silicone hydrosilylation using 100 

nm gold nanoparticles. It was observed that light-absorbing fillers like gold nanoparticles 

promote a massive increase in the curing speed due to the light-to-heat conversion of 

photothermally active particles. NIR laser excitation, with wavelengths in the range of 750 nm to 

1300 nm127, stands out as an excellent source of heat as it preserves the polymeric structures 

without significant chemical damage.128 More recent work also utilized a NIR laser in direct ink 

writing of optical silicones129 and a CO2 laser for SiC binder jetting114, demonstrating laser-based 

technology's precision and printing capabilities with different printing techniques.  

This work reports a novel thermal SLA method for crosslinking highly loaded PCP 

resins. Thermally-cured, acrylate-based resins with high SiC particle loadings (50 wt%) are 

demonstrated for various printed structures. The printed polymers were debinded and subjected 

to PIP to obtain excellent mechanical properties under low pyrolysis temperatures (800 C).25,26 

The thermal-curing SLA technique offers significant advantages due to its versatile resin 

composition and particle loading capabilities, allowing various fillers at high volume 

percentages, provided that the particles absorb sufficient IR light to cure the resin. Additionally, 

this technology supports a broad range of thermal curing reaction mechanisms, offering greater 

flexibility compared to UV-based photopolymerization techniques. 
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3.3. Experimental section 

3.3.1. Materials 

All chemicals (Figure 3.1) were used as received without further purification. Diurethane 

dimethacrylate (DUDMA), acetone (99.5 %), and dicumyl peroxide (98 %) were purchased from 

Sigma-Aldrich (St. Louis, MO). Durazane 1800 as the preceramic polymer (PCP) was supplied 

by Merck KGaA (Darmstadt, Germany), and silicon carbide particles (1 μm, β-phase, > 99.5 %) 

were purchased from Beantown Chemical (Hudson, NH).  

 

Figure 3.1. Chemical structures of (a) DUDMA, (b) dicumyl peroxide, (c) Durazane 1800. 

3.3.2. Sample preparation 

The preparation of the resin formulation consists of two steps. First, 100 g of DUDMA 

with an equal mass of SiC particles was transferred into a round-bottom flask, with 1 wt% 

dicumyl peroxide added as a thermal initiator. Then, 50 mL of acetone was added to the flask, 

and the mixture was subsequently stirred at 600 RPM for 10 h. Finally, all the solvent was 

removed with a rotary evaporator, which gave the resin composition (DUDMA-SiC 50:50) for 

subsequent printing. Durazane 1800 was pre-mixed with 1 wt% dicumyl peroxide for the 

polymer infiltration process, as described in the following sections. 

(a) 

(b) 
(c) 
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3.3.3. NIR thermal SLA printer 

For fabrication of the thermal SLA printer, all optics were purchased from Thorlabs Inc. 

(Newton, NJ), and a Lumics (Berlin, Germany) 808 nm fiber laser was used as the thermal laser 

source for printing. The printer consists of three parts – the NIR laser with an optical cage, the X-

Y-Z gantry that controls the laser movement, and a stainless-steel baseplate mesh to support the 

printed structure, Figure 3.2. 

  

Figure 3.2. Thermal SLA printer schematic for thermal printing of the resin composition 

DUDMA-SiC 50:50.  

An optical fiber was used for the NIR laser to guide the laser generated from the 808 nm 

diode laser to the printing position. The advantage of using a fiber-coupled laser optic is that the 

laser module does not need to be attached to the moving print head, thus facilitating top-down 

SLA printing. The optic fiber was connected to a cage system, where the laser passed through a 
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collimator and a set of lenses before focusing on the sample surface. More details are illustrated 

in Figure 3.3. 

For the printer and the X-Y-Z gantry movement stage, two motors control the x-y 

position of the laser to cure the resin at programmed locations. The z-axis movement added new 

layers to the printed structure, where a fixed stainless-steel mesh supported the printed structure 

while the resin tray was moved upwards with the z-axis to further immerse the sample in the 

resin pool. The travel speed of the laser was set to be much faster (250 mm/s) than the printing 

speed (5 mm/s) to ensure it was not curing the empty area between the printing parts. A thermal 

camera (FLIR C3-X Compact Thermal Camera, Wilsonville, OR) was fixed onto the setup to 

monitor the printing temperature, where a temperature range of 140 C to 160 C was maintained 

to avoid both overcuring and undercuring without burning the resin. 

The energy density of the laser is given by eq. 3.1: 

                                                                             η=
P

D⋅ν
  (3.1) 

where η is the energy density of the laser beam, P is the power output of the laser, D is 

the beam's diameter, and ν represents the laser beam's scanning speed on the surface of the 

printing resin. 

The laser output was 2.96 W, the diameter of the laser beam was 2.0 mm, and the 

scanning speed was 5 mm/s. The calculated energy density of the laser beam was 29.6 J/cm2. 
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Figure 3.3. (a) Configuration of the optical cage system for NIR thermal SLA printer; (b) 

diagram of optical beam path through the cage system. 

The configuration of the optical cage system for the NIR thermal SLA printer is depicted 

in Figure 3.3, where three components make up the system – a laser collimator and two lenses. 

The laser generated from the diode will be randomly scattered in the fiber optic; therefore, a 

collimator and lenses are needed to collimate and control the beam divergence. The beam 

expander will change the beam waist diameter (h) and divergence angle. Since a larger beam 

waist will lead to lower divergence, a set of beam expanders was used to ensure printing 

accuracy (Figure 3.3). When placing two lenses apart at a distance equal to the sum of their focal 

lengths, we have eq. 3.2: 

                                                              
f1

f2
=

h1

h2
  (3.2) 
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where f1 and f2 are the focal lengths of two lenses, respectively, and h1 and h2 are the 

radius of the beam entering and leaving the two lenses, respectively. The beam parameters: h1 = 

0.8 mm, h2 = 3 mm, f1 = 4 mm, and f2 = 15 mm were used to maintain high printing resolution.  

3.3.4. Green body formation 

Samples with a range of geometries were fabricated with the thermal SLA printer using 

the DUDMA-SiC 50:50 resin, and the resulting single-layer green body structures are shown in 

the photograph in Figure 3.4(a). A schematic of the thermal crosslinking is shown in Figure 

3.4(b). To baseline chemical compositions and mechanical properties, oven-cured samples with 

the same resin composition were fabricated and processed in silicone molds. Oven curing of the 

samples was performed by heating the resin in a convection oven at 150 C for 5 min, during 

which the resin was cured in a 2 cm x 5 cm bar-shaped specimen.  

 

Figure 3.4. (a) Thermal SLA printed green body structures; (b) chemical crosslinking reaction 

during the thermal SLA printing. 

(a) 

(b) 

5 cm 
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3.3.5. PIP  

The first step in processing the as-printed green body sample is debinding, during which 

most of the organics that will not become ceramic are removed. The debinding process removes 

all the unpolymerized and polymerized acrylate resin from the samples to increase the porosity 

for PIP. Green body samples were heated in air at 0.4 C/min to 500 C in a muffle furnace and 

held for 1 h to remove all the polymeric species. The sample was then cooled to room 

temperature at a rate of 0.4 C/min to yield the green body, a porous scaffold composed mainly 

of SiC particles.  

PIP is a post-processing procedure where PCPs are infiltrated into the pores of the 

debinded sample to increase the density and structural integrity of the samples once pyrolyzed. 

Every cycle of PIP consists of three steps – vacuum infiltration with liquid PCP of the debinded 

structure, curing of the PCPs, and pyrolysis of the PCPs. A higher number of PIP cycles will lead 

to denser structures with improved mechanical properties, assuming that the porous structure 

remains open and can be infiltrated with liquid PCP. Durazane 1800 was chosen as the best PCP 

to fill the porous SiC particle scaffold due to two factors: (1) as a polysilazane, it will yield SiCN 

and SiOC, which can give excellent mechanical strength130,131; and (2) the PCP itself is very low 

viscosity and flows into the porous SiC particulate scaffold easily, making the infiltration process 

faster and more complete.  

The debinded samples were placed on the bottom of the round-bottom flask. Then, a 

vacuum pump was applied to lower the pressure below 5 kPa. After low pressure was achieved, 

Durazane 1800 was released dropwise (10 mL/min) onto the samples until they were fully 
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immersed.  The samples were left under vacuum for 20 min to equilibrate before removal from 

the flask, and another pyrolysis cycle was conducted.  

Pyrolysis of the PDC-infiltrated sample turns the PCP into ceramic, obtaining a densified 

PDC composite. In a typical pyrolysis procedure, the sample was transferred into a tube furnace 

after polymer infiltration. The sample was heated to 170 C from room temperature with a ramp 

rate of 1.2 C/min to cure the PCP, and then the temperature was increased to 800 C with a 

ramp rate of 0.48 C/min. After dwelling at 800 C for an hour, the sample was cooled to room 

temperature with a 1 C/min cooling rate. During the entire pyrolysis process, argon flow (50 

cm3/min, 99.95 % ultra-high purity) was used to maintain an inert environment in the tube 

furnace. 

3.3.6. Characterization 

FTIR was performed on a Bruker Vertex 70 IR spectrometer (Billerica, MA) equipped 

with a liquid nitrogen-cooled mid-band mercury cadmium telluride detector. Diamond attenuated 

total reflection (ATR) was used to analyze the resin and ceramic chemical compositions in the 

500 – 2000 cm-1 range. The deconvolution of the FTIR peaks was performed using Gaussian 

fitting. For liquid samples, a thin layer was spread onto the crystal for analysis. For solid 

samples, a flat part of the sample was pressed down against the crystal. For powder samples, a 

sample press was used to press the powder against the diamond window to ensure good contact 

for analysis. The crystalline structure of the pyrolyzed samples was characterized by XRD 

(Malvern Panalytical Empyrean, Malvern, United Kingdom) within a 2θ range of 30 to 75. The 

microscopic morphology and elemental distribution of the samples were characterized by SEM 

(Verios 5 XHR SEM, Waltham, MA) . The elemental composition of the samples was measured 
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with XPS (VersaProbe III, Chanhassen, MN) equipped with a monochromatic Al kα x-ray source 

(hν = 1,486.6 eV) and a concentric hemispherical analyzer132. The samples were fractured in air 

immediately prior to being introduced to the vacuum system to examine the cross-section and 

avoid minimizing any surface oxidation that was present. The density was determined using the 

Archimedes method. Since PIP does not change the dimensions of the sample133, the linear 

shrinkage of the sample after debinding was calculated by the percent change in length after 

debinding, given by eq. 3.3: 

                                                            S=
L0-L

L0
  (3.3) 

where S is the shrinkage of the sample after debinding, L0 and L stand for the length of 

the samples before and after debinding, respectively.  

The flexural strength was measured using an MTS Criterion 43 (C43.504, Eden Prairie, 

MN) with an MTS 1kN S-beam load cell in a 3-point bend fixture. Flexural strength σ is given 

by eq. 3.4 (ASTM C1341-13): 

                                                     σ=
3FL

2bd
2  (3.4) 

where F is the fracture load, L is the support span length, b and d are the width and 

thickness of the sample, respectively.  

Vickers microindentation (Qness Q60 A+, QATM, Austria) was employed on the 

polished cross-sections of mounted bar samples. An applied load of 10 kgf (n = 5 per sample) 

was utilized to measure these ceramic materials' hardness and fracture resistance. The 

indentation fracture toughness (KIFR) was calculated using eq. 3.5 given by Anstis et al.134,135 and 

the assumed elastic modulus of silicon carbide (Voigt-Reuss-Hill average, 434 GPa33). The crack 



34 

lengths were measured using the average of five parallel lines (as described in Quinn’s 

method136) for horizontal and vertical diagonals with image analysis software. 

Fracture toughness KIFR is given by eq. 3.5:134,135 

                                                   K
IFR

=0.016√
E

H

P

c3 2⁄   (3.5) 

where E and H is the elastic modulus and hardness of the sample, respectively, P is the 

peak load, and c is the crack length. 

3.4. Results and discussion 

FTIR analysis was conducted on uncured, oven-cured, and NIR-printed green body 

samples (Figure 3.5(a, b)) to compare the changes in the chemical composition of the resin 

between NIR printing and oven-curing methods. Additionally, the chemical composition of 

pyrolyzed Durazane PCP (Figure 3.5(c)) and debinded green body after PIP was also 

investigated (Figure 3.5(d)) with FTIR. 
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Figure 3.5. (a) FTIR spectrum of NIR-printed, oven-cured, and uncured DUDMA-SiC 50:50 

samples; (b) local FTIR spectrum of NIR-printed and uncured DUDMA-SiC 50:50 samples; (c) 

deconvoluted FTIR spectrum of Durazane pyrolyzed at 800 °C; (d) FTIR spectrum of NIR-

printed DUDMA-SiC 50:50 samples after PIP. 

From Figures 3.5(a, b), it can be concluded that there are no significant differences in 

chemical composition between the oven-cured samples and NIR-printed samples in the mid-IR 

spectral region. The attenuation of the methacrylate symmetric stretching peak νs (C=C)137 at 

1635 cm-1 and the disappearance of the asymmetric stretching band νas (-C-H) in the -C=CH2- 

moiety137 at around 994 cm-1 are evidence of acrylate curing after heat treatment. The FTIR 

spectrum in Figure 3.5(c) shows the chemical composition of Durazane after pyrolysis at 800 C, 
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which is identical to the PIP pyrolysis. The deconvoluted peaks at 1007 cm-1, 850 cm-1, and 620 

cm-1 correspond to νas (Si-O-C/Si), ν (Si-N), and wagging band ꞷ (Si-H) 138, respectively. Figure 

3.5(d) shows the FTIR spectra of PDC composite samples after PIP processing. This data shows 

the same ν (Si-O-C/Si), ν (Si-N), and ꞷ(Si-H) peaks as the matrix PDC shown in Figure 3.5(c). 

Moreover, there is evidence of a weak νas (Si-O-Si)139 peak at 1090 cm-1, and a ν (Si-C) peak 

from 780 - 790 cm-1, indicating multiple ceramic components, including SiC, SiCN, SiO2, and 

SiOC in the final PDC composite.  

The SiC particle fillers, matrix PDC, and the resulting PDC composites were analyzed 

with XRD to show the presence of crystalline phases in the materials (Figure 3.6). All pyrolyzed 

samples were treated under argon (50 cm3/min) at 800 C with the same heating and cooling 

procedure detailed in the experimental section. 
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Figure 3.6. XRD patterns of: (a) pyrolyzed Durazane 1800; (b) SiC filler particles; (c) oven-

cured sample after 3 cycles of PIP; (d) NIR-printed sample after 3 cycles of PIP.  

After pyrolysis of the PDC at 800 C, two broad peaks at 2θ = 33.2 and 68.0 indicate 

there are only amorphous phases for pyrolyzed Durazane 1800 (Figure 3.6 (a)), where the 

amorphous halo of these peaks demonstrates the material exists in cubic 3C-SiC phase55. For 

oven-cured (Figure 3.6 (c)) and NIR-printed samples after PIP (Figure 3.6 (d)), the peaks at 2θ = 

35.8, 41.5, 60.1 and 71.9 correspond to crystalline cubic 3C-SiC particles; 2θ = 34.3, 38.3, 

41.6, 45.4, 54.7, 60.1, 65.8, 71.9 and 73.5 represent hexagonal 6H-SiC particles140. 

Throughout each PIP cycle, XRD patterns of the NIR-printed and oven-cured samples showed 

they have the similar composition. Thus, only samples after 3 cycles of PIP are shown here. It 
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can be concluded that the final ceramic part is made of highly crystalline SiC particles (mostly 

cubic phase) and amorphous PDC. 

XPS experiments were conducted on thermally cured Durazane 1800 samples pyrolyzed 

under argon at 800 C (Figure 3.7) to determine the matrix PDC composition in the presence of 

the SiC particles.  

 

Figure 3.7. (a) XPS spectrum of Si 2p; (b) XPS spectrum of C 1s; (c) XPS spectrum of N 1s; (d) 

XPS spectrum of O 1s. All the spectra are taken for pyrolyzed Durazane. 

From the Si 2p XPS spectrum in Figure 3.7(a), peaks at 102.6 eV, 101.9 eV, and 101.3 

eV correspond to Si-O (SiOC/SiO2), Si-N and Si-C, respectively. For the C 1s spectrum (Figure 

3.7(b)), peaks at 288.1 eV, 285.7 eV, 284.6 eV, and 283.6 eV correspond to COO-, sp3 carbon, 

sp2 carbon, and carbide, respectively. Turning to N 1s XPS spectra in Figure 3.7(c), the three 
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peaks identified at 399.4 eV, 399.0 eV, and 398.0 eV are N=C, N≡C, and N-Si. Finally, the two 

peaks in the O 1s spectrum (Figure 3.7(d)) indicate two types of O: C-O-Si at 532.2 eV and Si-

O-Si at 532.6 eV. From the XPS spectra, C, N, O, and Si are calculated to have 25.7 atom%, 18.8 

atom%, 20.3 atom%, and 35.3 atom% abundance in the sample, respectively.  

XPS spectra show the elemental composition of the ceramic matrix of the PDC 

composite. When combining the results from XPS (Figure 3.7) and FTIR (Figure 3.5(c)), it can 

be concluded that the ceramic matrix from pyrolysis of Durazane is mainly made of a mixture of 

SiCN and SiOC, with some SiO2 in the sample. When considering the evidence from XRD 

(Figure 3.6(a)) and FTIR (Figure 3.5(d)), It can be concluded that the samples after PIP are 

mainly composed of crystalline 3C-SiC SiC particles (Figure 3.6(b-d)) with an amorphous SiCN 

and SiOC matrix. 

SEM analysis was conducted to analyze the morphology of the samples and to determine 

how the PIP process changed their microstructure and porosity. The SEM micrograph of the 

NIR-printed samples and the oven-cured samples showed similar microstructures (Figure 3.8), 

where an increase in PIP cycles helped to decrease the gaps between SiC particles with increased 

PDC yield.  
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Figure 3.8. (a) Oven-cured sample after debinding (PIP 0); (b) oven-cured sample after 1 cycle 

of PIP (PIP 1); (c) oven-cured sample after 5 cycles of PIP (PIP 5); (d) NIR-printed sample after 

debinding (PIP 0); (e) NIR-printed sample after 1 cycle of PIP (PIP 1); (f) NIR-printed sample 

after 5 cycles of PIP (PIP 5). All images were taken on fractured surfaces. 

The DUDMA-SiC 50:50 sample after debinding (PIP 0) showed a rough surface 

composed primarily of crystalline SiC particles due to the near-complete burn-off of the binder. 

There were no sample dimensional changes throughout the PIP cycles; the only dimensional 

change associated with the post-processing procedure was the debinding of the green body, 

during which 9.4 % linear shrinkage occurred following the removal of organic binders. Since 

the PIP process does not increase the volume of the samples, PCP infiltrated into the pores will 

turn into PDC within the porous body and densify the samples after pyrolysis. After one cycle of 

PIP, most of the SiC particles were held together with amorphous SiOC and SiCN from the PCP 

(Durazane) (Figure 3.8 (b)). However, pores are still visible in these samples, and the density 

after one PIP cycle was 1.76 g/cm3 for NIR-printed samples. After five cycles of PIP, almost all 
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the particles in the sample appear to be consolidated, and there are no visible pores in the sample, 

according to microscopic analysis, Figure 3.8(f). Moreover, the samples after five cycles of PIP 

showed a non-porous structure, where fewer openings are present in the amorphous SiOC and 

SiCN matrix region.  

The density of the NIR-printed samples increased from 0.85 to 2.36 g/cm3 after five PIP 

cycles toward an estimated composite theoretical density of 2.60 g/cm3.  The theoretical density 

was estimated assuming a composition of 40 wt % SiC ( = 3.21 g/cm3) and 60 wt % amorphous 

SiOC ( = 2.3 g/cm3).  Figure 3.9 shows density measurements for NIR-printed and oven-cured 

samples as a function of the number of PIP cycles. This data demonstrates that the oven-cured 

and printed samples showed similar density increases during the PIP processes.   

 

Figure 3.9. Density measurement of oven-cured and NIR-printed samples after different PIP 

cycles. 

As discussed in the previous section, PIP as a post-processing method will densify and 

strengthen the porous debinded samples. Mechanical analyses, including three-point bending and 
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microindentation, were performed to determine the flexural strength and fracture toughness of 

oven-cured and NIR laser-printed samples. This testing allowed us to assess the impact of PIP on 

the strength and fracture toughness of the samples.  

 

Figure 3.10. (a) Flexural strength of PIPed oven-cured DUDMA-SiC 50:50 samples; (b) flexural 

strength of PIPed IR DUDMA-SiC 50:50 samples; (c) fracture toughness of DUDMA-SiC 50:50 

samples. Error bars represent the standard deviation (± SD) of the measurement. 

The debinded green body samples only have negligible strength (0.1 MPa). However, the 

flexural strength of oven-cured samples increased from 13.43 MPa (PIP 1) to 75.12 MPa (PIP 5) 

with a 459 % increase (Figure 3.10(a)), which can be explained by the fact that the PDC 

composites were becoming denser with an increased PIP cycle count. The oven-cured and PIPed 

samples showed excellent flexural strength, 75.1 ± 10.2 MPa (PIP 5, Figure 3.10(a)), which is 

comparable to the 3D printed SiC PDC composite reported before with a flexural strength of 

66.8 MPa.141 Compared to oven-cured samples, the NIR printed samples after PIP showed 
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relatively lower mechanical strength, 47.9 ± 2.1 MPa (Figure 3.10(b)). This is likely due to the 

NIR-printed samples having more defects than oven-cured samples due to the layered nature of 

3D printing. Additionally, the NIR-printed samples have a rougher surface finish because the 

printer is only a first proof-of-concept. Typically, the flexural strength of polymer-derived 

ceramics (PDCs) is relatively low, leading researchers to enhance strength by adding fillers or 

whiskers. Our PDC composites show significantly improved strength compared to preceramic 

polymers alone and are comparable to reported values. For example, Cramer et al.142 66.8 MPa 

using binder jet 3D printing with polycarbosilanes. Kemp et al.112 reported 56.4 ± 7.6 MPa by 

adding hBN in polysilazane. Xiong et al.119 obtained 33.2 MPa with SiC whiskers, and Huang et 

al.143 reported 15.8 MPa for porous SiC. 

The fracture toughness of the samples was measured using the indentation method 

described in the main manuscript. The parameters that need to be measured for this method are 

hardness, crack length, and the force applied to the tip. The indentation fracture toughness 

increased by 47 % for oven-cured samples after 5 PIP cycles, while it only increased negligibly 

(3.1 %) for NIR-printed samples, where it reached 5.7 ± 0.9 MPa⋅m1/2 for oven-cured samples 

and 4.0 ± 0.9 MPa⋅m1/2 for NIR-printed samples (Figure 3.10(c)). Higher PIP cycles tend to 

toughen the microstructure and enhance mechanical properties as they increase the fracture 

resistance of the samples. After a PIP cycle, the infiltration PDCs are softer and act as plastic 

regions to absorb more energy during fracture. However, IR-printed samples exhibit a less 

pronounced improvement in fracture toughness. This can be attributed to the presence of inherent 

defects introduced during the IR printing process, as evidenced in the SEM micrograph. These 

defects likely act as stress concentrators and preferential sites for crack initiation, limiting the 
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efficacy of the toughening mechanisms provided by the plastic matrix. The average reported 

fracture toughness of Si-C-N and Si-O-C systems21 is 0.56 - 3 MPa⋅m1/2. Thus, the PDC 

composite in this report shows an improvement over materials systems that have been 

demonstrated previously. 

3.5. Conclusions 

This work presents the development of a novel thermal SLA printer to fabricate PDC 

composite parts, solving issues with UV-based SLA printing of PCPs. Additionally, a thermal 

printing resin composition was reported in this study, with a SiC particle loading of 50 wt%. 

FTIR analysis showed a small compositional difference between laser-cured and oven-cured 

PDC samples, which supports the feasibility of NIR thermal printing in obtaining PDC materials 

with good properties. The crystalline structure of the particles and the matrix was characterized 

by XRD analysis, where the results confirm that the filler particles are crystalline 3C-SiC 

particles while the matrix is amorphous. The chemical composition of the PDC composite after 

PIP was measured with FTIR and XPS, demonstrating that amorphous SiOC and SiCN are the 

main components of the matrix. Following PIP, the printed parts demonstrated high mechanical 

strengths (48 MPa) and fracture toughness (4.0 ± 0.9 MPa⋅m1/2). SEM images showed how the 

PIP procedure strengthened the samples – consolidating the particulate filler with an amorphous 

PDC matrix from PCP pyrolysis. During printing, heat conduction in the resin causes thermal 

energy to diffuse beyond the irradiated area, reducing resolution. Future work will focus on 

improving heat dissipation through enhanced convection and conduction cooling, which could 

mitigate thermal diffusion and improve resolution. This prototype demonstrates NIR laser 
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stereolithography for preceramic polymers, addressing challenges in UV-based printing and 

showing the potential of thermal SLA for fabricating PDC 3D-printed parts. 
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CHAPTER 4: STRUCTURED PDC COMPOSITES VIA NIR THERMAL SLA 

Parts of this work are adapted from the work of Evelyn Wang and Michael A. Hickner. 

Under review under ACS Applied Polymer Materials. This is the version of the article after peer 

review or editing as submitted by the authors for publication. The publisher is not responsible for 

any errors or omissions in this version of the manuscript, or any version derived from it.  

4.1. Abstract 

We have developed NIR thermal SLA to print 2.5D-structured PDC composites with 

high SiC particle loadings in a PDC matrix. When combined with PIP, this approach overcomes 

the challenges associated with traditional UV-based printing techniques when printing composite 

resins – namely low light penetration, limited particle loadings, high shrinkage, and weak 

mechanical properties. Using a NIR laser to deliver spatially controlled thermal energy to the 

surface of a reactive resin pool induces localized thermally initiated free-radical polymerization 

in a top-down SLA configuration. After printing the green body, post-processing methods, 

including debinding and PIP, are employed to densify and strengthen the printed samples. A Si-

O-Cx support network was formed in the debinded samples using a small amount of PCP in the 

printing resin to maintain the structural integrity of this porous preform. After 5 cycles of PIP, 

the PDC composites demonstrated a flexural strength of 74.3 ± 13.7 MPa with a density of 2.31 

g/cm3. Different 2.5 D lattice designs were fabricated using this printing and materials 

processing method, and a compressive strength of 32.8 ± 11.2 MPa was obtained for lightweight 

honeycomb structures with an effective density of 1.07 g/cm3. 
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4.2. Introduction 

As a high-performance material, composite ceramics are gaining attention for a broad 

spectrum of applications, including aerospace, biomedical, energy, and electronics115,119,144. 

However, relative to other materials, composite ceramics have achieved a limited role in these 

applications, primarily because ceramics are difficult to process into intricate structures, which 

can limit their development.84 Despite having excellent mechanical properties, environmental 

resistance, and temperature tolerance, the hurdles surrounding ceramic processing have primarily 

limited the adoption of this class of materials.50  

The introduction of PDCs has opened the door to combining the mechanical performance 

of Composite ceramics with the superior processability of polymer.21 Liquid PCPs can be shaped 

into components with complex geometries due to the flexibility offered by polymer processes 

such as molding and AM.145 These shaped PCP green bodies can then be pyrolyzed under high 

temperatures and transformed into ceramics such as SiC, SiOC, SiCN, Si3N4, and SiBCN, among 

others.50,97,116  PDCs are used in ceramics infiltration, ceramic fiber fabrication, and AM.21 

Unlike traditional ceramic AM with powder processing50, PDCs do not require techniques for 

consolidating a ceramic structure using traditional sintering pathways146, which makes PDC-AM 

a potential low-temperature method of producing ceramic parts.91 The pyrolysis temperature of 

PCPs ranges from 800 – 1300 C,84 which is significantly lower than the sintering temperature of 

ceramics like SiC and Si3N4.144 Moreover, PDCs can offer high modulus, high strength, and 

oxidation and creep resistance up to 1500 C, even though they are usually semicrystalline with 

the presence of crystalline ceramic nanodomains in an amorphous matrix.147 
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The development of AM methods has progressed rapidly, evolving from simple 2D 

printing techniques into stereolithography or additive manufacturing of three-dimensional 

objects (3D printing).148 With the advent of readily available 3D printing hardware, researchers 

have focused on adapting the well-defined principles of AM to a vast catalog of materials. A 

great process has been made by adopting different approaches in 3D printing technologies from 

2D platforms, such as origami-inspired approaches149 (2D plane folding into 3D structures), 

layer-by-layer stacking150, and 1D extrusion direct writing88.  Currently, a number of 3D printing 

methods have achieved maturity – FFF, SLS, DLP, DIW, material/binder jetting, and others.91,116 

UV light-based processes, specifically DLP and SLA, have enjoyed widespread adoption in 

several manufacturing processes and have been demonstrated to be effective in producing 

complex and smooth 3D structures with functionalized PCPs50. However, UV-based printing of 

PCPs is limited in terms of materials and resin compositions. Dense Composite ceramics with 

high particle loadings are desired in resin compositions. However, the large refractive index 

mismatch between the filler particles and the polymer precursors inevitably leads to significant 

light scattering and reduced penetration depth, lowering the printing resolution and decreasing 

print speed.105 Direct UV-SLA of polysilazanes requires a photoinitiator absorbing UVC 

region101. Such short-wavelength UV light is more likely to cause damage to the polymer and 

requires a high-power mercury-vapor lamp151. Even though many reports add crosslinker with 

vinyl146, acrylate117, or thiol101 functionality to facilitate the printing of PCP, they inevitably 

lower the ceramic yield of PDC and increase the carbon content in the pyrolyzed ceramic 

samples59.  
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There has been two adoptions of harnessing thermal energy in realizing thermal-based 3D 

printing in the literature as an alternative to UV-based SLA – either directly utilizing the thermal 

energy from the NIR laser for polymerization152,153 or using additives like gold nanoparticles as 

photothermal converters in polymerization154. The most significant advantage of using a NIR 

thermal SLA to induce thermal curing of the resin is the broad potential scope of thermal curing 

chemistry across a range of materials152. Also, the NIR thermal SLA technique can print resin 

compositions with high particle content (47.6 wt% SiC particles (1 μm) in this report), which has 

not been demonstrated with a UV-based printer due to light penetration issues. Since the high-

intensity laser heats the resin rapidly, the crosslinking reaction occurs quickly – with sufficient 

green strength achieved in as little as a tenth of a second during the printing process. The 

resulting ceramic parts from thermal SLA have relatively high resolution and smooth surfaces 

compared to 3D printing methods like DIW153. Finally, post-processing is simplified for 

composite ceramics printed via NIR thermal SLA, where the green body can be pyrolyzed into a 

ceramic component after simple washing and post-curing, similar to conventional UV SLA post-

treatments.  

Polymer infiltration and pyrolysis is an effective method of obtaining reinforced ceramic 

composite materials, during which PCP is infiltrated into the porous preform and subsequently 

pyrolyzed into PDC.142 A higher number of PIP cycles can lower the residual porosity in the 

preform and yield a densified and reinforced structure with densities approaching the theoretical 

material density. Repeated PIP cycles (up to 5 or 7 cycles) benefit the sample by providing more 

linkages between the particles while simultaneously vaporizing unnecessary atoms, thereby 

increasing ceramic yield and mechanical strength with each successive pyrolysis step.155  
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In this work, we report developing an NIR thermal SLA printing method for the AM of 

highly loaded resin compositions. A porous body composed primarily of SiC particles with a 

supporting PCP-derived structure is fabricated through printing and subsequent debinding. 

Durazane 1800 was used in multiple PIP cycles to produce dense PDC composites. The printed 

samples and lattices demonstrate reasonable flexural strength and compressive strength, which 

demonstrates this printing method is capable of producing lightweight particle-based composite 

ceramics with excellent mechanical properties and size features on the order of millimeters. 

4.3. Experimental section 

4.3.1. Materials 

Poly(propylene glycol) dimethacrylate (PPGDA, Mn = 560), acetone (99.5 %), and 

dicumyl peroxide (98 %) were purchased from Sigma-Aldrich (St. Louis, MO). Durazane 1800 

was supplied by Merck KGaA (Darmstadt, Germany), and silicon carbide (1 μm, β-phase, > 

99.5%) was purchased from Beantown Chemical (Hudson, NH). SMP 877 resin was purchased 

from Starfire Systems (Glenville, NY). All chemicals were used as received. The optics for the 

NIR thermal SLA printer were purchased from Thorlabs Inc. (Newton, NJ), and an 808 nm fiber 

laser (33 W) was supplied by Lumics (Berlin, Germany) as the thermal SLA laser source.  

 

 



51 

 

Figure 4.1. Chemical structures of (a) PPGDA; (b) Durazane 1800; (c) dicumyl peroxide; (d) 

SMP 877. 

Figure 4.1 shows the chemical structures of the materials used in this report, while Table 

4.1 lists the resin compositions. 

Table 4.1. Resin chemical compositions  

 PP PP10%877 

(PP877) 

PP20%877 PP30%877 

PPGDA / g 10 10 10 10 

Dicumyl Peroxide / g 0.1 0.1 0.1 0.1 

SMP 877 / g 0 1 2 3 

SiC / g 10 10 10 10 

 

4.3.2. Sample preparation 

The resin mixture for printing consists of two types of resins: acrylate oligomer PPGDA 

as the major resin component for crosslinking and facilitating the support of 3D structures and 

polycarbosilane SMP 877 as the minor resin component for obtaining a percolated Si-O-Cx 

(a) (b) 

(c) 
(d) 
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supporting structure in the green bodies during debinding. For a typical resin composition, all the 

resin ingredients (Table 4.1) were transferred into a 500 mL round bottom flask. After adding 

100 mL of acetone to the flask with the resin components, the mixture was stirred with a 

magnetic stirrer at 600 RPM for 12 h. After mixing, the acetone was subsequently removed with 

a rotary evaporator, obtaining the printing resin PP877.  

4.3.3. Thermal SLA printer 

The NIR thermal SLA printer consists of four major parts: a high-intensity 808 nm NIR 

laser fixed onto an optical cage, a fixed build support, a mesh build plate that moves in the z-

axis, and a resin tray (Figure 4.2). 

  

Figure 4.2. NIR thermal SLA printer for fabrication of 2.5D structures. 

The optical cage is attached to an x-y-axis gantry, where a collimator and a set of lenses 

are fixed in the optical cage for beam collimation and controlling the laser waist diameter and 

divergence (the same in section 3.3.3). A mesh build plate is fixed onto the build support to hold 
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the newly constructed structures built in a traditional laser-wise fashion. The resin reservoir will 

move up the z-axis to replenish new liquid resin layers onto the printed structures. Notably, the 

laser and the gantry can move at speeds up to 10 cm/s during the printing, resulting in a printing 

speed comparable to UV SLA. 

During a typical printing process, a 3D model is sliced with 3D printing software 

(Creality Slicer 4.8.2) to generate a set of G-code instructions for the printer. The 3D printing 

process begins with immersing the mesh build plate into the resin pool by elevating the resin tray 

on z-axis support. After the mesh build plate is coated with a single resin layer, the NIR laser 

writes the first layer onto the high-flow mesh. Then, the resin tray will move up to recoat the 

resin on the solidified layers with the help of a doctor's blade, providing new resin layers for the 

NIR laser to cure. New layers will be generated so that a 3D structure can be fabricated through 

laser and gantry movements. The transition from 2D to 3D printing is achieved by stacking 

multiple layers together, where each layer contributes to the details and structures of the final 

prints. Thermal images were taken using a Teledyne FLIR C5 thermal camera (Figure 4.3), 

capturing how the NIR laser delivered localized heat to the resin pool. After printing, the parts 

were washed with acetone 3 times to remove uncured resin, and the samples were fully cured in 

a vented oven at 150 C for 20 min.  
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Figure 4.3. NIR-assisted SLA process under a thermal camera. 

Figure 4.3 demonstrates a typical NIR-assisted SLA process visualized using a thermal 

camera. Heat is spatially distributed only in the printing area to obtain the desired structures and 

minimize the thermal curing of non-printed areas.  

4.3.4. Sample post-processing  

A two-step post-processing scheme was applied to densify and strengthen the green body. 

First, the green body was transferred to a vented muffle furnace at room temperature. The sample 

was subsequently heated to 500 C with a ramp rate of 0.4 C /min, dwelled for 1 h, and cooled 

down to room temperature with a ramp rate of 1 C/min for decomposition and removing most 

of the polymeric species. After debinding, the porous preform was subsequently processed by 

PIP, where the debinded porous preform was densified by multiple cycles of infiltrating PCP and 

pyrolysis. The debinded sample was transferred into a three-neck round-bottom flask during a 

typical PIP cycle. Then, the flask was sealed and degassed until the system reached a pressure of 

less than 5 kPa. A low-viscosity (20 oC, 10 - 40 cp) PCP Durazane 1800 was chosen for 

backfilling the pores/channels in the sample. Durazane 1800 (with 1 wt.% dicumyl peroxide as 
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thermal initiator) was released dropwise onto the sample at a 10 mL/min rate until the sample 

was fully immersed. The sample was kept under the vacuum for 20 min until no more bubbles 

were released from the structures. After infiltration, the sample was transferred to a tube furnace 

under argon flow (50 cm3/min). The sample was heated to 170 C with a ramp rate of 1.2 C 

/min and subsequently heated to 800 C with a ramp rate of 0.48 C/min. The sample was held at 

800 C for 1 h before being cooled to room temperature at 1 C/min. Repeating this procedure of 

infiltration and pyrolysis will produce samples processed with multiple PIP cycles. 

4.3.5. Characterization 

All characterization methods are the same (section 3.3.6) except for compressive 

strength. The mechanical properties were measured with an MTS Criterion 43 (C43.504, Eden 

Prairie, MN) load frame. Compressive strength was measured with an MTS 20 kN S-beam load 

cell equipped with compression platens. 

The performance index, PI during the compression test is calculated as shown in eq. 

4.1145: 

                                                                              PI = 
ρ

σ
  (4.1) 

where ρ and σ represent the sample's density and compressive strength. 

4.4. Results and discussion 

The printed 2.5D structures (Figure 4.4) showed excellent layer-to-layer adhesion with 

the NIR thermal SLA printer. When fabricating hollow 2.5D structures, the printer demonstrates 

the ability to maintain high fidelity and accuracy.  
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Figure 4.4. Demonstration of 2.5D-printed green part structures with NIR thermal SLA printer. 

Printing resolution was demonstrated by fabricating different lattice structures, where 

structures as fine as 1.20 mm can be made through a single scan of the NIR laser. Overall, the 

NIR thermal SLA demonstrates the capability to reproduce the details from the original 3D 

models. 

FTIR spectra are shown for NIR-printed, un-cured printing resin PP877 (Figure 4.5(a, 

b)); debinded samples with and without Si-O-Cx structural support (Figure 4.5(c)); and debinded 

green body after different cycles of PIP (Figure 4.5(d)). 
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Figure 4.5. FTIR spectrum of (a) IR-printed and uncured PP877 samples; (b) IR-printed and 

uncured PP877 samples zoomed-in range; (c) SMP 877, PP, and PP877 debinded in the air at 

500 oC (in Table 4.1); (d) IR-cured PP877 samples after cycles of PIP. 

Figure 4.5(a,b) highlights the resin composition before and after IR printing. The 

diminished νas(-C-H) in the -C=CH2- moiety137 at 980 cm-1, and the disappearance of acrylic137 

νs(C=C) and allyl νs(C=C) peak at 1635 cm-1 and 1615 cm-1 showed clear evidence of curing of 

the acrylate-terminated PPGDA and allyl group in SMP 877 resin. While SMP 877 resin does 

not cure on its own under 200 C, this data supports that adding the methacrylate resin promotes 

the crosslinking of the SMP 877 resin. The purpose of adding SMP 877 as PCP before debinding 

is to support the debinded structure since the SMP 877 does not fully burn away. In contrast, 

pure acrylate resins burn entirely off at this temperature. Figure 4.5(c) shows that pure SMP 877 

(black curve), after debinding in the air at 500 C, turns into a network containing a Si-O-Si 
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structure, where the peaks at 1020 - 1050 cm-1 and 780 - 790 cm-1 correspond to asymmetric and 

symmetric ν(Si-O-Si)139, respectively. Compared to the resin composition with structural support 

(PP877, red curve), the resin composition without structural support (PP, blue curve) showed a 

weaker ν(Si-O-Si) peak. Figure 4.5(d) shows the chemical composition of the printed samples 

after different cycles of PIP, and there is evidence of SiO2
139 (νas(Si-O-Si) at 1050 – 1070 cm-1) 

and SiOC (νas(Si-O-C) at 1025 cm-1). Additionally, the ν(Si-N) bond at 830 – 840 cm-1, ν(Si-C) 

bond at 785 cm-1, and ꞷ(Si-H) bond138 at 638 cm-1 indicates some presence of SiCN and 

unpyrolyzed Si-H.  

The XPS analysis was conducted on the structural support after debinding to determine 

its chemical composition, Figure 4.6. 

 

Figure 4.6. (a) XPS survey spectrum; (b) XPS spectrum of Si 2p; (c) XPS spectrum of C 1s; (d) 

XPS spectrum of O 1s of resin SMP-877 without fillers debinded in the air at 500 C. 
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Figure 4.6(a) shows the survey spectrum of SMP-877 debinded in the air at 500 C, 

where the debinding procedure is identical to the green body debinding. In Figure 4.6(b) Si 2p 

spectrum, the XPS peaks at 102.7 eV and 103.1 eV correspond to siloxane156 and silicate156, 

showcasing both inorganic and organic structural characteristics in the debinded samples. In the 

C 1s spectrum in Figure 4.6(c), the peaks at 284.2 eV and 288.7 eV correspond to sp2 carbon and 

COO-, respectively156. The peaks at 532.3 eV and 533.5 eV are assigned to (Figure 4.6(d)) 

correspond to Si-O-Si (PDMS/SiO2) and aliphatic groups156, reinforcing the previous finding in 

Si 2p spectrum there are both inorganic and organic moieties in the green bodies after debinding 

in air. Additionally, after debinding in the air at 500 C, SMP 877 turns into a rigid, yellow-

colored solid structure instead of a white powder, which is evidence of the percolated Si-O-Cx 

network being formed in the debinded 3D-printed samples. 

When combining insights from the FTIR data in Figure 4.5(c), it can be concluded that 

adding SMP 877 into the green body and debinding in the air will turn into a network of Si-O-Cx. 

Incorporating SiOC and SiCN by the PIP process densifies the porous preforms and strengthens 

the material. 

XRD analysis (Figure 4.7) was conducted on the pyrolyzed Durazane 1800 sample and 

PP877 sample after 5 cycles of PIP to analyze the crystalline structure and phases of the matrix 

PDC and the samples after PIP. 
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Figure 4.7. (a) XRD pattern of pyrolyzed Durazane 1800; (b) XRD pattern of PP877 sample after 

5 cycles of PIP. Both samples are pyrolyzed under identical furnace conditions detailed in the 

experimental section. 

It is evident in Figure 4.7(a) that there is no distinguishable crystalline species from the 

pyrolyzed Durazane, where the amorphous halo at around 35 - 38° and 65 - 70° represents 3C-

SiC. This data demonstrates that the PDC introduced in the PIP process is entirely amorphous. 

The XRD patterns of the samples after PIP and Durazane 1800 after pyrolysis are shown in 

Figure 4.7(b), where cubic SiC from the incorporated particles are found to be the most abundant 

crystalline structures in all the samples. This confirms that the samples are made of crystalline 

3C-SiC particles with minor 6H-SiC and amorphous PDC matrix from post-processing PIP. 

SEM micrographs of debinded samples were taken after different cycles of PIP (Figure 

4.8) to analyze structural changes throughout the post-processing steps. This analysis helps 

explain the enhanced mechanical properties observed in the 3D-printed samples. 
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Figure 4.8. SEM micrographs of NIR-printed PP877 sample after (a) debinding (PIP 0, porous 

preform); (b) 3 cycles of PIP (PIP 3); (c) 5 cycles of PIP (PIP 5). 

The effects of how PIP strengthens the porous debinded samples are shown in Figure 4.8. 

From these SEM micrographs, it is evident that with higher PIP cycles, there are reduced 

openings and cracks throughout the samples. The samples after debinding (Figure 4.8(a)) are 

composed of SiC particles packed together, and large pores are present in the debinded sample. 

After 3 cycles of PIP (Figure 4.8(b)), it is evident that the infiltrated PDC binds the particles 

together. Most particles are consolidated after 3 cycles of PIP, while the sample still has large 

openings and cracks. Finally, after 5 cycles of PIP (Figure 4.8(c)), all the visual cracks and 

openings are closed, and the particles are entirely bonded with PDC. This composite structure 

contributes to the high mechanical properties of the samples.   

It can be concluded that after PIP, the porous preform is impregnated with amorphous 

PDC, establishing linkages between different particles. Crystalline 3C-SiC particles are bound to 

each other with amorphous PDC (SiCN and SiOC) from infiltration and pyrolysis of PCP.  

Fabricating a porous preform will require the removal of the binder in the printed green 

body. However, binder burnout leaves behind a debinded sample composed of unsintered 

particles, which have very low mechanical strength and make an intricate component challenging 

to handle in subsequent processing steps.157 For samples with 3D structures and overhanging 
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features, this binder burnout step will weaken the debinded green body (porous preform), and 

parts with little support or small features will break.88,158 Introducing a Si-O-Cx network in the 

debinded samples grants the debinded structures (porous preforms) enough mechanical strength 

to support their own weight and arrest cracking during the PIP process. 

 

Figure 4.9. (a) Flexural strength of debinded samples with and without Si-O-Cx support; (b) 

Flexural strength of NIR-printed PP877 samples; (c) Density of PP877 samples throughout 

different PIP cycles.  

Figure 4.9(a) shows the strength of the porous preforms with and without the Si-O-Cx 

support, where PP has no support, and PP877 has the Si-O-Cx support formed during debinding. 

(detailed compositions are shown in Table 4.1). Amorphous Si-O-Cx, formed by adding 10 wt% 

PCP to the printing resin, enhances the flexural strength of the porous preform by as much as 

138 %. Figure 4.9(b) illustrates the relationship between the flexural strength of the samples and 

increased PIP cycles. Each subsequent PIP cycle increases the density and flexural strength of 

the Composite ceramics by filling pores and other defects. PIP increases the density of a highly 

porous debinded sample (PIP 0), where after 5 PIP cycles, the density of the sample reaches 2.31 

g/cm3 (Figure 4.9(c)). SEM micrographs (Figure 4.8) showed 5 PIP cycles completely densifying 

the sample. The flexural strength of the samples after 5 PIP cycles reaches 74.3 ± 13.7 MPa.  
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Lattices can have advantages over traditional solid materials 159, as these cellular 

structures are more efficient in achieving excellent mechanical properties with reduced weight.160 

Vertical stress will lead to a parallel binding force for a solid material to maintain continuous 

deformation during compression. This derived binding force will press the material parallelly 

and cause premature material failure.161 Meanwhile, forces redistribute within the structure for 

lattice material with hollow structures, making the stress more homogeneous160. The unit cell 

topology, pattern design, lattice structure, and stress-relieving structures will all affect the 

compressive strength of the lattice.159,160 While there has been research on how lattice properties 

affect compressive strength, there are still limited methods (e.g., finite element analysis 159,160) 

for determining the best lattice designs.  

Performance index PI can be derived from eq. 4.2: 

                                                                         ꞷ = LP (
ρ

σ
)  (4.2) 

where ꞷ, L, ρ, and σ represent the sample's weight, length, density, and compressive 

strength. P stands for the pressure applied to the sample upon failure. 
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Figure 4.10. Ashby plot of compressive strength versus effective density for lattice (a50, b107, c83, 

d44, e162, f 163). 

Figure 4.10 is an Ashby plot of compressive strength versus effective density, including 

porous ceramic materials, as-printed lattices in this report, and solid samples. Porous ceramic 

materials with different densities will have their characteristic compressive strength. Lattice 

design will also affect the compressive strength of the samples, where different material designs 

with the same effective density will have different mechanical properties. A series of lattices, 

from honeycomb and concentric rings to layered lattices, were tested in this report, where the 

compressive strength of honeycomb lattices is the highest, 32.8 ± 11.2 MPa. The performance 

index in the Ashby plot is the straight line intersecting the plot, which defines the compressive 

strength performance under specific densities. Figure 4.10 shows that the lattices printed in this 
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work have acceptable compressive performance, whereas honeycomb and concentric rings 

exhibit higher performance above the PI line (highlighted line σ/ρ = 104 N⋅m/kg).  

4.5. Conclusions 

A new NIR thermal SLA fabrication technique has been demonstrated in this report. It is 

shown that with appropriate layer-by-layer adhesion and resin recoating, 2.5D-structured high-

resolution samples can be made through a NIR thermal SLA printer. This technology can 

potentially revolutionize the additive manufacturing of PDCs, circumventing the limitations of 

traditional UV-based SLA. While only a few reports used thermal curing systems with NIR or IR 

lasers to print PCP materials,125,164 This paper proposes a highly versatile NIR thermal SLA 

printer for the additive manufacturing of 2.5D structures. The printed structures showed 

reasonable resolution and smoothness. The introduction of the NIR laser makes it possible to 

process PCP with high particle loadings and UV-opaque resin compositions. It also has more 

potential for curing different resins like epoxy, polyurethane, PCP, and silicone.  

Furthermore, introducing a percolating Si-O-Cx network in the SiC matrix helps the green 

body keep its shape after debinding, introducing fewer defects and cracks in the samples. After 5 

cycles of PIP, the samples demonstrate enhanced mechanical properties, where the flexural 

strength of the NIR-printed samples reaches 74.3 ± 13.7 MPa. The compressive strength of 

honeycomb lattices was 32.8 ± 11.2 MPa. The compressive strength of lattices printed with NIR 

laser lies above the general porous ceramic performance index line (PI  = 104). Thus, this report's 

NIR thermal SLA technique effectively fabricates lightweight PDC composites with enhanced 

mechanical properties. 
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CHAPTER 5: ADVANCING HIGH-PERFORMANCE CRYSTALLINE REACTION-

BONDED PDCS THROUGH THERMAL SLA 

Parts of this work are adapted from the work of Evelyn Wang and Michael A. Hickner 

under editing. This is the version of the article before peer review or editing as submitted by the 

authors for publication. The publisher is not responsible for any errors or omissions in this 

version of the manuscript, or any version derived from it.  

5.1. Abstract 

This report introduces a NIR SLA method for producing highly crystalline PDCs with 

refined resolution. Incorporating silicon nanoparticles into the resin composition facilitates 

reaction bonding, neutralizing in-situ grown carbon from PCPs pyrolysis and yields highly 

crystalline (80.7 ± 0.6 %) SiC-composite ceramics with large crystallites (4.47 ± 1.92 μm). This 

thermal SLA method allows the 3D printing of large configurations (30 cm3 in volume, 5 mm 

skeleton thickness) and highly loaded resins (up to 40 wt% particles) with UV-opaque and large 

RI mismatch fillers, which is unachievable with traditional UV SLA printing. This approach 

enhances mechanical properties (89.6 ± 32.3 MPa) and eliminates carbon impurities, suitable for 

applications requiring high crystallinity and performance. The optimized printing system 

equipped with active cooling methods helps improve the thermal printing resolution, enabling 

precise manipulation up to sub-millimeter level resolution (0.72 ± 0.03 mm). These results 

advance the PDC additive manufacturing process, optimizing for carbon-free, highly crystalline 

SiC-based composite ceramics. 
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5.2. Introduction 

The growing demand for developing advanced material systems in modern aerospace165, 

semiconductor166, wastewater treatment167, and medical applications167 has placed stringent 

requirements on material properties. As a non-oxide ceramic, SiC is an important technical 

ceramic due to its excellent mechanical, thermal, and optical properties165. SiC-based composite 

ceramics have gained attraction in various applications due to their superior strength, high 

thermal stability, oxidation resistance, and hardness168. While shaping these types of materials 

with traditional ceramic processing is difficult, processing methods afforded by PCPs169 has 

ushered new opportunities for fabricating SiC and SiC composite ceramic components, making it 

possible to shape ceramics into pre-defined structures with tunable properties.170 There are three 

steps in PCP processing: shaping, crosslinking, and ceramic transformation171. During the 

shaping stage, the polymeric nature of the PCPs enables different shaping techniques, such as 

molding and AM. Crosslinking during the second stage ensures the parts retain their shape 

during pyrolysis, increasing the overall ceramic yield. Finally, the highly crosslinked PCPs 

undergo a pyrolysis process, where amorphous ceramics are obtained at lower temperature172 

(800 – 1200 °C) pyrolysis, while annealing (> 1400 °C) of the samples facilitates the phase 

separation and crystallization of the PDC parts173.   

3D printing has introduced new potential for the fabrication of PDC-based components.  

FFF, SLA, DLP, two-photon polymerization (TPP), SLS, and LOM171 have all been 

demonstrated with PCP materials. Among these techniques, SLA and DLP174 stand out as the 

most popular methods of fabricating 3D PCP parts due to their fast prototyping of high-fidelity, 
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accurate parts. Several studies have reported SLA/DLP of PDC parts with high resolution, 

including SiOC, SiC, and SiO2 components, demonstrated in 3D structures/lattices175–178.  

3D printing of monolithic ceramics with large critical dimensions has been a challenge 

for the use of PCPs in AM179. The high shrinkage during the PCP pyrolysis stage will often lead 

to fracture of the samples179, and samples that survive pyrolysis tend to have low ceramic yield 

and low density. During resin pyrolysis, the gas released from the polymer will lead to porosities 

in the matrix, and the gas-releasing channels in the samples will cause uneven shrinkage of the 

samples during pyrolysis, which leads to sample curling180. Fillers and additives are necessary to 

maintain the high density and fidelity of ceramic parts from PCPs176. The significant shrinkage 

originates from the fact that when turning polymers into ceramics, the materials condense from 

low-density polymers (around 1 g/cm3) into high-density ceramics (2-3 g/cm3)174. This inevitable 

shrinkage will lead to cracking and deformation of the samples, limiting the scale of the printed 

PDC parts175. Many methods have been developed to combat shrinkage and porosity in PDCs, 

including PIP, melt infiltration, CVI, and reaction bonding167,181. 

Due to their limited compositional range, organosilicon PCPs suffer from low 

crystallinity and excess carbon residuals after pyrolysis. The excess carbon originates from PCPs 

and crosslinkers in the green body. Due to the difficulty of producing and maintaining 

stoichiometry in the precursor material and pyrolysis phase of the process, residual carbon nearly 

always remains in the samples179. The in-situ grown carbon173 in PDCs is detrimental182 in 

several ways: carbon is susceptible to oxidation (at temperatures as low as 450 °C), which 

significantly lowers the oxidation resistance of PDCs173; carbon facilitates the decomposition of 

PDCs by carbothermal reduction183, and can form nanodomains or clusters, which act as 
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secondary phases/boundaries that lowers the strength of PDCs184. For example, silicon 

oxycarbide (Si1-x-yOxCy) or silica (SiO2) do not co-exist with carbon inclusions at steady-state 

operation because these ceramics will decompose at elevated temperatures (1500 °C) through 

carbothermal reduction into gaseous species (SiO and CO) 185.  

Various processing strategies have been pursued to minimize residual carbon in PDCs. 

One strategy is adding crystalline ceramic particles in the resin mixture during 3D printing186, 

yielding particle-based composite ceramics187. In this approach, the crystalline ceramic particles 

do not melt or reorganize during pyrolysis, which prevents shrinkage of the samples and yields a 

porous body after firing188. The second tactic for limiting carbon in PDCs is carbothermal 

reduction189, which generates SiC by eliminating excess oxygen and carbon in the samples at 

high temperature185. However, this method gives lower ceramic yield and leaves excess oxygen 

and carbon in the sample, as it is challenging to tune the atom stoichiometry throughout the 

entire pyrolysis process 185. 

Another way of fabricating dense SiC involves liquid silicon infiltration (LSI), which 

infiltrates silicon into the pores/channels of a carbon matrix to yield a dense siliconized SiC 

part190. This reaction bonding method can provide an energy-efficient pathway for obtaining 

crystalline SiC, as the traditional re-crystallization method will require temperatures up to 

2200 °C182. During a typical LSI process, a porous carbon/carbon fiber matrix is infiltrated with 

liquid silicon by capillary force to siliconize the carbon-rich body191. However, this method has 

several drawbacks: (1) liquid silicon erodes the SiC/C fibers192 which lowers the overall strength 

of the composites; (2) while silicon wets carbon and infiltrates into the carbon body rapidly, the 

infiltration efficiency193 significantly lowers after SiC layers formed through reaction bonding, as 
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dissolution-growth of SiC crystals dominates; (3) control over the carbon microstructures is vital 

for LSI, as high porosity will lead to highly siliconized SiC that is easily eroded and fractured, 

while low porosity in the carbon preform will lead to choking190 of the infiltrating liquid silicon 

that prevent further siliconization and leaves large carbon-rich regions194. Therefore, while LSI 

removes the excess carbon in the preform and bridges them together by reaction bonding and 

dissolution-growth mechanisms, it has strict requirements on the microstructure of the carbon 

preform and infiltration conditions195.  

This work aims to mitigate the issues inherent in 3D printing of SiC particle-based 

composite ceramics composite ceramics using a novel in-situ reaction bonding method combined 

with NIR thermal SLA technology, which makes it possible179 to print silicon-based, highly 

loaded resins. Additionally, active cooling was adopted during the thermal SLA process to 

improve printing resolution. This report combines the advantages of reaction bonding and PCPs, 

utilizing silicon nanoparticles as active/meltable fillers to react and bond excess carbon from 

PCP pyrolysis174 to yield highly crystalline SiC-based composite ceramics.  

5.3. Experimental 

5.3.1. Materials 

 

Figure 5.1. Chemical structure of (a) RMS-992; (b) SMP-877 resin. 

RMS-992 

(a) (b) 

SMP-877 
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The starting materials used in this work are shown in Figure 5.1, where acrylate-modified 

siloxane RMS-992 ((methacryloxypropyl)methylsiloxane, 95 - 100%, Gelest, Morrisville, PA) 

was selected as both crosslinker and PCP, SMP-877 (Starfire Systems, Glenville, NY) resin was 

chosen as the main PCP, and dicumyl peroxide (Sigma-Aldrich, 98%, St. Louis, MO) was the 

thermal initiator. Silicon nanoparticles (500 nm, US nano, Houston, TX) were homogeneously 

blended into the resins with a FlackTek Speed Mixer (Greenville, SC, DAC 1200-300 VAC) 

with a two-step mixing procedure. First, the resin and nanoparticles are mixed under ambient 

pressure with a spinning speed of 1000 RPM for 1 min. The mixture was then mixed under a 6.7 

kPa vacuum at a speed of 2000 RPM for 3 min. The resin compositions are listed in Table 5.2. 

The pyrolysis procedures of all the samples were identical, where the furnace conditions 

and steps are detailed in Table 5.1. 

Table 5.1. Tube furnace pyrolysis procedure. 

Note: R stands for ramp, D means dwell. 

Three vacuum-purge cycles were applied before the pyrolysis procedure to eliminate as 

much oxygen in the tube furnace as possible. During a typical vacuum-purge cycle, the tube 

furnace was first connected to the vacuum, lowering the pressure to 5.0 kPa. Subsequently, the 

Seg. 1 2 3 4 5 6 7 8 9 10 

Option R D R D R D R D R R 

Temp. 300  

°C 

0.5 h 500  

°C 

30 

min 

600  

°C 

30 

min 

1500  

°C 

2 h 300  

°C 

RT 

Ramp 

Rate 

5 °C 

/min 

 2 °C 

/min 

 1 °C 

/min 

 1 °C 

/min 

 1 °C 

/min 

2 °C 

/min 
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furnace was disconnected from the vacuum and purged with ultra-high purity (UHP) argon. This 

practice ensures the pyrolysis procedure is conducted in an oxygen-free environment. 

 During the pyrolysis process, the argon flow was kept at 50 cm3/min to maintain positive 

pressure in the tube furnace chamber, where the inert gas flow can carry away the combustion 

gas from polymer decomposition and reactions.  

Table 5.2. Resin compositions. 

Components GRR MSR SRR 877 RMS 877 

RMS-992 / wt% 34.88 32.39 29.91 49.75 0 

SMP-877 / wt% 34.88 32.39 29.91 49.75 99.01 

Dicumyl peroxide / wt% 0.35 0.32 0.30 0.50 0.99 

Silicon (500 nm) / wt% 29.90 34.89 39.88 0 0 

Note: GRR: graphite-rich resin (lowest silicon content); MSR: medium silicon resin (medium 

silicon content); SRR: silicon-rich resin (high silicon content); 877 RMS: resin composition 

without silicon content; 877: pure PCP without crosslinkers and silicon. 
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5.3.2. NIR thermal printer setup 

 

Figure 5.2. 3D view and front view of the NIR thermal SLA printer. 

In the NIR thermal SLA printer, an 808 nm NIR laser (Lumics Inc., Berlin, Germany) is 

guided with an optic fiber and then integrated into an optical cage system with two aspherical 

lenses and a beam collimator (Figure 5.2, Thorlabs Inc., Newton, NJ). The two aspherical lenses 

refocus the collimated beam onto the resin surface. The optical cage system is mounted on an x-y 

gantry system, allowing the NIR laser to move and project localized thermal energy onto specific 

planar coordinates. Two separate tactics are employed for cooling during printing to minimize 

overcure due to thermal diffusion. Two lines of flowing argon connected to the optical cage 

provide targeted forced convection, rapidly cooling the resin surface. The resin vat is also placed 

in a water-cooled jacketed beaker maintained at 25 °C, providing coolant circulation that rapidly 

removes excess heat from the resin pool area (which will be discussed in Chapter 7). After the 

printing of each layer, the z-axis support moves down, submerging the support plate into the 
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resin pool to create new layers. This layer-by-layer process constructs the 3D structures from 

designed models onto the support plate.  

5.3.3. Characterization 

All the characterization methods are the same as mentioned in section 3.3.6, except for 

SEM, Raman, mechanical testing, and thermal measurements. SEM (Tescan Mira, Brno, Czech 

Republic) was used to observe the pyrolyzed samples' microstructure and capture micrographs. 

Raman spectroscopy (Horiba LabRAM ARAMIS, Kyoto, Japan) with a 532 nm laser and 5x 

objective is used for conducting Raman analysis on pyrolyzed samples. Mechanical properties 

were obtained with United Testing Systems (UTS, Warren, MI) SFM-20 load frame equipped 

with a 3-point bend fixture for flexural strength measurement (ASTM C1341-13). Thermal 

images are taken with a thermal camera (Teledyne FLIR E5, Wilsonville, OR). All the crystallite 

sizes are measured using the CCD (circumscribed circle diameter) method from SEM 

micrographs and analyzed with ImageJ software. 

5.4. Results and Discussion 

This work demonstrates a method that utilizes Si reaction bonding to react excess 

graphitic carbon species with silicon in composite ceramics and convert these materials into a 

crystalline SiC phase. Instead of crystalline ceramic particles, silicon metal nanoparticles (with 

some surface oxide) are added to the resin before 3D printing. During the first heating stage 

(below the melting of silicon nanoparticles), the PCPs decompose and transform into ceramics 

with residual carbon, where most of the polymeric decomposition and shrinkage occurs during 

this stage196. During the second stage, the embedded silicon nanoparticles start to melt in the 

samples, and the residual carbon will react and bond with the melting silicon to yield SiC182. 



75 

Apart from this, the melting silicon will act as a binder that bridges the crystallites in the 

samples. As an active filler197, silicon will react and bond with the surrounding carbon and yield 

β-SiC; as a meltable filler, silicon will melt to fill the existing pores/channels and relieve the 

stress in the pyrolyzed PDCs171. This in-situ reaction bonding process can yield a dense 3D-

printed sample with high crystallinity and large crystallites. By tuning the carbon-to-silicon ratio, 

SiC-based composite ceramics were demonstrated with a minimal amount of excess 

carbon/silicon in the pyrolyzed samples, which showed excellent mechanical properties. 

Additively manufactured components were fabricated from NIR thermal SLA using the 

steps described in the NIR thermal SLA experimental setup. 3D-printed configurations with 

overhang structures were constructed and subsequently pyrolyzed into ceramics, where the 

dimensional accuracy and structural integrity were maintained after firing.  

 

Figure 5.3. (a, c) As-printed 2D and 3D structures before pyrolysis; (b, d) the samples after 

pyrolysis.  
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The resolution of the printed components was 0.72 ± 0.03 mm, which was achieved with 

active cooling methods during printing. The print size in Figure 5.3(d) is about 30 cm3 (53 mm × 

27 mm × 21 mm), and the wall thickness is 5 mm. The NIR-printed samples were transferred 

into a vented oven for post-curing at 200 °C for 30 min, which is the same curing procedure for 

oven-cured samples. The post-cured green bodies were transferred to a tube furnace and 

pyrolyzed under conditions listed in Table 5.1. 

XRD analysis was conducted on samples with different silicon loadings (GRR, MSR, and 

SRR, Figure 5.5). Where the crystalline phases (Figure 5.5), crystallinity (Figure 5.4, eq. 5.2), 

and crystallite sizes (Scherrer equation166, eq. 5.1) were analyzed and revealed. All the XRD 

samples were pyrolyzed using the procedure mentioned in Table 5.1. 

The crystallite sizes were calculated from Scherrer equation, eq. 5.1, where pyrolyzed 

877 has an average size of 5.86 ± 0.03 nm and pyrolyzed 877 RMS has an average size of 6.04 ± 

0.03 nm. 

                                                                      D=
kλ

β cos θ
  (5.1) 

Where D is the average size of the crystallites, k stands for the shape factor (which was 

chosen as 0.9 in this report), λ represents the wavelength of X-rays, β denotes the full width at 

half maximum (FWHM), and θ means Bragg angle. 

The crystallinity indexes198 of the pyrolyzed samples are calculated from eq. 5.2: 

                                                               I=
Ic

Ic+Ia

×100%  (5.2) 

where I represents the crystallinity index, Ic stands for the percentage of crystalline 

materials, and Ia is the percentage of amorphous materials. The calculated crystallinity indexes 

are plotted in Figure 5.4. 
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Figure 5.4. Crystallinity indexes of the pyrolyzed samples. 

 While Eq. 5.1 only considers the phases shown in the XRD patterns, graphitic carbon 

peaks do not show in the XRD pattern. As a result, the crystallinity of samples in Figure 5.4 only 

demonstrates the amount of material that crystallizes among all the non-graphitic carbon species. 

The crystallinity index reaches 80.7 ± 0.6 % for pyrolyzed MSR. 

 

Figure 5.5. XRD pattern of pyrolyzed (a) GRR, (b) MSR, and (c) SRR.  
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The XRD pattern of pyrolyzed GRR and MSR show peaks at identical locations, where 

peaks at 35.7°, 41.4°, 60.1°, 71.9°, and 75.6° correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 

2 2) planes for cubic 3C-SiC199, respectively. The XRD pattern of the pyrolyzed SRR sample 

show the same cubic 3C-SiC peaks, with additional peaks at 24.9°, 47.3°, 56.2°, 69.2°, and 76.4° 

are (1 1 1), (2 2 0), (3 1 1), (4 0 0) and (3 3 1) silicon planes (PDF 60385).  

The XRD pattern shown in Figure 5.5 demonstrate that a higher amount of silicon 

nanoparticles in the resin composition will tune the samples from a carbon-rich ceramic to a 

silicon-rich composite. While the XRD of PCPs without silicon addition does not show clear 

peaks, and limited crystallinity (61.6 % to 66.6 %)/crystallite sizes (5.86 ± 0.03 nm for pyrolyzed 

877 and 6.04 ± 0.03 nm for pyrolyzed 877 RMS). The results from Figure 5.5 demonstrate that 

adding nanosized silicon will facilitate the growth of crystalline 3C-SiC and increase the 

crystallinity (80.7 % for pyrolyzed MSR). 

Raman spectroscopy was performed on the same set of samples with silicon (GRR, MSR, 

and SRR, Figure 5.6) to obtain additional structural information from the pyrolyzed samples. All 

the Raman samples were pyrolyzed under the same procedure detailed in Table 5.1. 
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Figure 5.6. The Raman spectrum of pyrolyzed (a) GRR, (b) MSR, and (c) SRR.   

From Figure 5.6(a), the peaks at 508 cm-1, 524 cm-1, 795 cm-1, 1355 cm-1, and 1571 cm-1 

correspond to SiO2, Si, SiC (transverse optical mode, TO), D, and G band (deconvolution of the 

peaks are performed with Gaussian fitting). Figure 5.6(b) shows that the peaks at 520 cm-1, 793 

cm-1, 1320 cm-1, and 1535 cm-1 are Si, SiC (TO)194, D band auro, and G band, respectively. 

Finally, the 520 cm-1 and 792 cm-1 peaks from Figure 5.6(c) demonstrate only Si and SiC (TO 

mode) present in the pyrolyzed SRR samples. This data shows that the pyrolyzed sample 

transforms from a graphitic carbon-rich ceramic composite to a silicon-rich siliconized SiC 

ceramic when increasing the amount of silicon nanoparticles in the resin composition – where 

GRR yields a graphitic carbon-rich body after pyrolysis, MSR gives a sample with a small 

amount of graphite and silicon, and SRR generates a body with excess silicon. On the contrary, 

Raman spectra of samples without silicon addition after pyrolysis do not show any characteristic 
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peaks except for graphitic carbon, which acts as secondary phases in the PDCs that lower the 

purity and mechanical properties of PDCs173. XPS analysis was conducted on all the samples 

with and without silicon inclusion to complement the results from XRD and Raman; XPS carbon 

spectra and silicon spectra were analyzed to show the evolution of carbon and silicon species in 

the samples. The XPS spectra of 877 RMS and MSR are shown in Figure 5.7, while the rest of the 

spectra (877, GRR, SSR) are displayed in Figure 5.8. All samples for XPS analysis are pyrolyzed 

using the same procedure listed in Table 5.1. 

 

Figure 5.7. XPS spectra of pyrolyzed (a) 877 RMS C 1s; (b) 877 RMS Si 2p; (c) MSR C 1s; (d) 

MSR Si 2p. 

The deconvolution of the XPS peaks was performed with Gaussian (the rest of the peaks) 

and Lorentzian fitting (graphite and oxycarbide in C 1s). For C 1s spectra, Figure 5.7(a) and (c) 
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show three peaks at the same position with different peak intensities, where the peaks at 282.3 - 

282.7 eV, 282.8 - 283.2 eV, and 284.1 - 284.4 eV represent carbide, oxycarbide, and graphite, 

respectively. For Si 2p spectra, Figure 5.7(b) and (d) share two identical peaks at 102.3 eV 

(SiOC) and 100.2 - 100.9 eV (SiC), while Figure 5.7(d) has an additional silicon peak at 98.7 eV. 

It can be concluded from Figure 5.7(a, b) that printing resin without any silicon nanoparticles 

(877 RMS) yields a large amount of graphitic carbon, while there is only a minimal amount of 

SiC with a small amount of SiOC in the pyrolyzed samples. For MSR resin after pyrolysis, 

Figure 5.7(b) and (d) illustrate that a substantial number of carbide species are growing in the 

samples, while graphitic carbon is largely diminished in the pyrolyzed samples. 
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Figure 5.8. XPS spectra of pyrolyzed (a) 877 Si 2p; (b) 877 C 1s; (c) GRR Si 2p; (d) GRR C 1s; 

(e) SRR Si 2p; (f) SRR C 1s.  

Figure 5.8(a, c, e) share the same two peaks – SiOC at around 102.3 eV - 102.4 eV and 

SiC at around 100.1 eV - 100.3 eV. There is an additional silicon peak at 98.8 eV, as shown in 

Figure 5.8(e). Figure 5.8(b, d, f) features all the same peaks with different abundance – graphite 

(C=C) peak at around 284.1 eV - 284.3 eV; oxycarbide peak at around 282.8 eV - 283.3 eV; and 

carbide peak at around 281.3 eV - 282.9 eV.  
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Figure 5.8(b) reveals a high concentration of graphitic carbon species in the pyrolyzed 

pure polycarbosilanes (877).  Furthermore, Figures 5.8(c, e) and Figure 5.8(d) demonstrate a 

correlation between increasing silicon content in the samples (from GRR to SRR) and the amount 

of residual silicon present after pyrolysis. Furthermore, when compared to Figures 5.8(b), 

Figures 5.8(d,f) and Figure 5.8(c) demonstrate that the addition of silicon effectively reduces the 

amount of graphitic carbon and increases the amount of carbide in the sample.  

When combined with the results from XPS data, a conclusion can be drawn that PCPs 

without silicon addition will yield a graphitic carbon-rich body with a limited amount of SiC and 

SiOC after pyrolysis. Meanwhile, crosslinkers (RMS-992) in the resin (877 RMS) will lead to 

more carbon residual in the pyrolyzed green body. All three characterization methods (Raman, 

XRD, and XPS) point to the same conclusion that with silicon inclusion in the PCPs, SiC will 

grow at the cost of excess in-situ grown carbon species in the pyrolyzed samples. More silicon 

inclusion in PCPs will result in residual silicon being left behind in the final composite ceramic 

(Si-SiC). The pyrolyzed GRR, MSR, and SRR are mainly composed of SiC, with a small amount 

of SiOC and residual carbon/silicon. The pyrolyzed MSR sample has the least residual free 

graphitic carbon and excess silicon among the three resin compositions. 

SEM micrographs of all the samples with and without silicon addition are displayed in 

Figure 5.9, where the microstructures and crystalline structures are clearly visualized.  These 

microstructures reveal the evolution of graphitic carbon and reaction-bonded SiC, as evidenced 

by the changes shown in the micrographs. All the SEM samples are pyrolyzed using the same 

procedure discussed in Table 5.1. 
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Figure 5.9. SEM micrographs of pyrolyzed (a) 877; (b) 877 RMS; (c, d) GRR; (e,f) MSR; (g,h) 

SRR.  

From the SEM micrographs, detailed microscopic information about pyrolyzed samples 

can be extracted; Figure 5.9(a,b) shows no visible crystallites in the pyrolyzed PDCs, indicating 

that the crystallites are extremely small. This observation is consistent with the crystallite size 

analysis presented in Figure 5.4, where calculations based on the Scherrer equation 166 (eq. 5.1) 

confirm the presence of only nanosized crystallites in the pyrolyzed PCPs without any fillers or 

particles. It can be concluded from Figure 5.9(d,f,h) that crystallites grow with silicon 

nanoparticles added to the resin compositions. These SEM micrographs demonstrate that when 

there is an excess amount of graphitic carbon in the sample, only small crystals (1.97 ± 1.32 μm) 

with low abundance are grown in the pyrolyzed GRR. In contrast, many larger crystals are grown 

in samples with more silicon content – 4.47 ± 1.92 μm for MSR and 4.17 ± 1.72 μm for SRR 

(calculated with CCD, ImageJ).  
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From Figure 5.9(c, e, g), it can be concluded that after pyrolysis, the samples still have 

some enclosed pores. However, the melted silicon connects all the pores and crystallites because 

the silicon in the samples melts and reacts with the surrounding graphitic carbon. The SEM 

micrographs demonstrate that silicon acts as an excellent active/meltable filler that bonds with 

excess carbon and flows into pores, which relieves stress197.  It is clearly shown that the SiC 

crystals are tightly bonded into a composite ceramic structure, contributing to the integrity and 

strength of the sample. 

The flexural strength of the samples with different silicon loading was tested with three-

point bending. The flexural strength is displayed in Figure 5.10, and the Weibull distribution of 

the strength is plotted in Figure 5.11. The clustering and distribution of different samples’ 

strengths are clearly visualized. All the mechanical testing samples were pyrolyzed using the 

procedure detailed in Table 5.1. 

 

Figure 5.10. Flexural strengths of NIR-printed samples with different silicon loadings.  

High densities (2.43 ± 0.05 to 2.55 ± 0.10 g/cm3) and high crystallinity (78.18 ± 3.72 to 

80.74 ± 0.61 %) in the final samples contribute to the enhanced mechanical performance of these 
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materials. The density reported here is close to that reported for high temperature (2330 – 

2430 °C) LSI parts (2.62 - 2.82 g/cm3) 200.  

Figure 5.11 shows a Weibull distribution plot for the samples' flexural strengths, which 

implements the data in Figure 5.10. The clustering and distribution of different samples are 

visualized in Figure 5.11, where the Weibull modulus and survival probability can be 

determined. All the samples for flexural strength testing were pyrolyzed using the same 

procedure discussed in Table 5.1. 

 

Figure 5.11. Weibull distribution fitting of pyrolyzed NIR-printed samples. 

Figure 5.11 shows the Weibull distribution fitting for the flexural strength of pyrolyzed 

samples with different silicon loadings (eq. 5.3 and eq. 5.4). 

                                                                ln ln
1

S
=m lnσ -m ln σ0  (5.3) 

                                                                    S= exp [- (
σ

σ0
)

m

]  (5.4) 
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 Where S is the survival probability, m stands for the shape factor of Weibull distribution, 

σ represents the failure stress, and σ0 denotes a normalizing factor. The fitted equation for Figure 

5.11 (a) is y = -2.3495x + 10.1964, Figure 5.11 (b) is y = -2.7157x + 12.5569, Figure 5.11 (c) is 

y = -1.661x + 7.8741, from which the Weibull modulus m and scale parameter (characteristic 

life) σ0 can be extracted.  

The flexural strength of the samples is measured with three-point bending and plotted in 

Figure 5.10. It can be concluded that pyrolyzed GRR has the lowest flexural strength (64.3 ± 28.1 

MPa) among all the samples tested, whereas pyrolyzed MSR samples show a flexural strength of 

89.6 ± 32.3 MPa and pyrolyzed SRR samples demonstrate strength of 95.9 ± 42.0 MPa. The 

clustering and strength distribution is easily visualized in Figure 5.11, which shows that the 

Weibull moduli of the pyrolyzed GRR, MSR, and SRR are 2.350 (mG), 2.716 (mM), and 1.661 

(mS), individually. Since larger Weibull modulus m denotes a sharper distribution, SRR yields 

ceramics with a wider distribution of mechanical properties and, therefore, are less reliable for 

practical application (Figure S6). Pyrolyzed MSR samples have a slightly lower characteristic life 

σ0 (101.9 MPa, 36.8% survival probability) but a much higher 99.9% survival strength (50.0 

MPa, 99.9% survival probability), indicating that pyrolyzed MSR samples have a narrower 

distribution and are more reliable under loads.  
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Figure 5.12. Flexural strengths of NIR-printed samples with different silicon loadings.  

Vickers microindentation (Qness Q60 A+, QATM, Austria) was employed on the 

polished cross-sections of mounted bar samples. An applied load of 10 kgf (n = 5 per sample) 

was utilized to measure these ceramic materials' hardness and fracture resistance. The 

indentation fracture toughness (KIFR) was calculated using the eq. 5.5 given by Anstis et al.134,135 

and the assumed elastic modulus of silicon carbide (Voigt-Reuss-Hill average, 434 GPa33). The 

crack lengths were measured using the average of five parallel lines (as described in Quinn’s 

method136) for horizontal and vertical diagonals with image analysis software (ImageJ, Figure 

5.12). 

Fracture toughness KIFR is given by eq. 5.5: 

                                                   K
IFR

=0.016√
E

H

P

c3 2⁄   (5.5) 

where E and H are the elastic modulus and hardness of the sample, respectively, P is the 

peak load, and c is the crack length. 
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5.5. Conclusions 

This report presents a thermal SLA method for constructing PCP resins with high RI 

mismatch – 1.4 to 1.6 for polymers,201 and 5,4 for elemental silicon202. Characterization methods, 

including XRD, FTIR, Raman, SEM, and XPS, confirmed the chemical compositions and 

structures of the 3D-printed composite ceramics.  The addition of silicon nanoparticles in the 

resin neutralizes excess in-situ grown graphitic carbon from polymer pyrolysis through reaction 

bonding. The resulting material (pyrolyzed MSR) is highly crystalline (80.7 ± 0.6 %) SiC-

Composite ceramics with large 3C-SiC crystallites (4.47 ± 1.92 μm) and minimal excess 

graphitic carbon, elemental silicon, and SiOC. 

3D printed SiC-based composite ceramic parts with high resolution (0.72 ± 0.03 mm) 

were demonstrated using this method and were macroscopically crack-free with large 

dimensions (53 mm × 27 mm × 21 mm, wall thickness 5 mm), which is a large improvement 

from literature values of wall thickness 2 mm177–179 .The improved high-resolution and high-

fidelity 3D-printed structures were attributed to the thermal SLA process design with active 

cooling methods, which rapidly remove the excess heat and prevent it from over-curing the resin. 

The printed parts with MSR composition also demonstrate improved flexural strength (89.6 ± 

32.3 MPa) with narrow distributions (Weibull modulus mM = 2.716).  

In summary, the as-fabricated SiC composite ceramics demonstrate precise printing with 

intricate structures, and the improved mechanical properties enhance their applicability for 

applications in industries such as automotive and aerospace. 
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CHAPTER 6: IN-SITU RAMAN CHARACTERIZATION FOR POLYMER-TO-

CERAMIC TRANSITION AND REACTION KINETICS 

Parts of this work are adapted from the work of Evelyn Wang and Michael A. Hickner in 

preparation. This is the version of the article before peer review or editing as submitted by the 

authors for publication. The publisher is not responsible for any errors or omissions in this 

version of the manuscript, or any version derived from it.  

6.1. Abstract 

Raman spectroscopy, a powerful and convenient technique for vibrational spectroscopic 

analysis of materials, has been widely adopted in PDC characterization. However, in-situ 

characterization of the polymer-to-ceramic conversion process has not been emphasized in the 

literature. This report focuses on in-situ characterization of PDCs, which illustrates the real-time 

reaction and chemical structural changes of PDCs during the polymer-to-ceramic transitions. The 

reaction kinetics were also measured in-situ for PDCs at lower temperatures (up to 1200 °C). 

While at high temperatures in the final pyrolysis step, the reaction kinetics were measured with 

the ex-situ method, as blackbody radiation completely masked the signals at temperatures higher 

than 1200 °C. This report clearly illustrates how PCPs change at different temperature ranges up 

to 1500 °C and reports kinetic data for the chemical structure changes take place during 

temperature ramps, giving insights into detailed pyrolysis procedures for PDCs and potential 

structural/compositional evolution throughout the polymer-to-ceramic transition. 

6.2. Introduction 

PDCs have attracted attention since being introduced due to their exceptional 

processability and excellent properties23,203,204. These engineered polymers enable a unique 



91 

manufacturing route – initially as highly processable polymers with active side groups for 

crosslinking, which can be transformed into highly versatile oxide/non-oxide ceramics with 

exceptional performance upon pyrolysis73. The polymeric nature of PCPs enables a bottom-up 

additive approach for ceramics manufacturing instead of traditional top-down ceramics 

processing205. Furthermore, PCPs also allow engineers unprecedented precise manipulation of 

ceramics’ chemical compositions, crystallinity, physical/chemical properties, and 

microstructures23. However, several steps involving polymeric deposition, ceramic formation, 

and crystallization are required in a long thermal process to affect the materials 

transformation131. Therefore, in order to fully utilize and unlock the full potential of PDCs, a 

thorough kinetic and thermodynamic study for understanding their structural changes is 

indispensable64,206,207.  

During the pyrolysis procedure, the PCPs undergo multiple compositional and structural 

transforming stages – from polymerization, shaping, crosslinking, pyrolysis, and high-

temperature annealing208. The PCPs transform from complex-shaped greenbodies to amorphous 

ceramics, and subsequently into crystalline ceramics at increasing temperatures. During the first 

stage below 400 – 500 °C, reactions such as transamination, dehydrogenation, hydrosilylation, 

and vinyl polymerization take place208, which shapes the PCPs, yielding the debinded green body 

for pyrolysis. Then, at higher temperature ranges (600 – 1000 °C), the initial pyrolysis process of 

PCPs takes place by thermolysis and organic moiety release, which transform the PCPs into 

amorphous covalent ceramics. In the final stage of pyrolysis, the amorphous ceramic is 

transformed into a glassy ceramic by bond rearrangement and crystalline ceramics by 

sintering209. The application of solid-state NMR, TGA, SEM/EDS, FTIR, and Raman has 
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revealed how these three stages occur from an ex-situ perspective210,211. From these 

characterizations, gas evolution, structural changes, and graphitization can be roughly assigned 

to specific heating ranges210.  

While an abundant amount of ex-situ characterization of PDCs has been conducted on 

these three stages, little is known about the detailed structural changes at specific times and 

temperatures, which is the key to obtaining defect-free ceramics212,213. While the literature has 

gathered a plethora of ex-situ measurements of PCPs after pyrolysis at different temperatures and 

times, there are two major issues with the ex-situ methods reported – there is no systematic 

standard for the heating procedure, and materials are often heated differently under different 

conditions; ex-situ samples have to go through the elongated heating and cooling cycle, which 

largely affect the composition and structural of the materials49,214. Raman spectroscopy, as a 

powerful characterization tool215 for measuring the composition and structures of the materials, 

has only so far been focusing on carbon species216 and cluster sizes213 derived from pyrolysis.  

In-situ characterization helps214,217 to unravel the real-time polymer-to-ceramic transitions 

with molecular-level insights, especially since the decomposition, polymer-to-ceramic 

transitions218 and carbothermal reduction213 are strong functions of the heating rate and time219. 

Monitoring the vibrational mode evolution changes throughout the heating process makes it 

possible to track the chemical changes of material during the heating process. Laser-based 

spectroscopy, like Raman214, can pinpoint and identify the formation and disappearance of new 

phases and structures in the samples, giving insights into the transitional temperature and phase 

stability220. Also, the shift and alterations in the peaks can also reveal the real-time compositional 

changes in the sample211. Additionally, reaction kinetics can also be extracted from a series of 
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time-dependent Raman spectroscopy measurements221, which gives valuable insights into how to 

conduct pyrolysis of PCPs and how fast to conduct the pyrolysis for optimal polymer-to-

ceramics transition. It has been reported that, from TGA measurements, the decomposition of 

polyborazine can be fitted with different kinetic models like first-order kinetics64, which helps 

predict experimental data for pyrolysis. 

In the current study, we designed an in-situ Raman characterization setup to analyze the 

real-time polymer-to-ceramic structural/compositional changes. The spectra during 

measurements are calibrated with an external reference light source, and the peaks at high 

temperatures are subtracted from blackbody radiation with an algorithm developed in this report. 

Additionally, the reaction kinetics of PDCs were captured in situ for reactions under 1200 °C, 

where the entire decomposition curve and structural changes were captured and characterized. 

Above 1200 °C, due to the significant amount of blackbody radiation, the reaction kinetics were 

only measured for ex-situ experimental data. The kinetics of ceramics transformation was 

subsequently fitted with first-order kinetics to show the impacts of temperature, time, and active 

fillers on the polymer to ceramic conversion process. 

6.3. In-situ Raman characterization 

6.3.1. Materials 

Chapter 5 discussed the starting materials and resin compositions (session 5.3.1). This 

report chooses two resins, 877 and MSR, for conducting in-situ and ex-situ experiments. The 

resins are cured in a silicone mold in a tube furnace under UHP argon flow. The furnace is 

heated from room temperature to 200 °C with a ramp rate of 5 °C/min, held for 0.5 h, and then 

cooled down to room temperature with the same ramp rate. 



94 

6.3.2. Characterization and experimental setup 

 

Figure 6.1. In-situ Raman characterization setup. 

In-situ Raman spectroscopy was conducted using a Horiba SMS core iHR320 FS-FS ML 

Raman system. This highly customizable system was integrated with a Linkam TS1500 high-

temperature reaction cell for precise temperature control (Figure 6.1). To facilitate heat 

dissipation during high-temperature experiments (up to 1500 °C), the reaction cell was mounted 

on a PA12/CF heat sink. The hollow design of the heat sink (shown in Figures 6.2 and 6.3) 

effectively contains extreme temperatures within the spectroscopic region. The TS1500 cell was 

fixed onto the heat sink with a lock-in plate, which locks the cell into place and dampens the 

sample vibration during measurements. 

The microscope stage provided precise x-y positioning of the entire system with a 

resolution of 10 μm, while the z-axis was controlled by adjusting the position of the Raman 
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objective. Before each measurement, fine adjustments were made to the x, y, and z positions to 

ensure optimal alignment of the Raman laser, objective, and pinholes within the TS1500 cell. 

During the sample pyrolysis process, the laser was focused on the sample surface to acquire the 

in-situ Raman spectra. 

 

Figure 6.2. CAD design of in-situ Raman system for polymer-to-ceramic transition (a) front 

view; (b) top view. 

 

Figure 6.3. Linkam TS1500 cell CAD design for in-situ characterization. 

The TS1500 cell consists of multiple layers (Figure 6.3). Top and bottom fused silica 

windows contain the reaction within an inert environment. An alumina radiation shield prevents 

excessive heat loss and blocks thermal radiation from reaching the Raman detector, while a 
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central pinhole allows the laser and Raman signal to pass through. The sample, placed in an 

alumina crucible, rests on a sapphire window within the cell. To maximize signal intensity, the 

laser was precisely focused on the sample surface through the windows and the pinhole in the 

radiation shield. 

Before each experiment, the TS1500 cell was purged with ultra-high purity (UHP) argon 

for 20 minutes at a 30 cm³/min flow rate, then kept at 15 cm³/min throughout the heating 

process. During the reaction, coolant water circulation maintained a stable temperature within the 

crucible, preventing damage to the reaction cell. 

 

Figure 6.4. Laser enters the Linkam TS1500 cell, and light is emitted from the sample. 

During Raman measurements, the laser is focused on the sample, emitting multiple 

signals. As depicted in Figure 6.4, λ3 represents the Raman signal of interest, including Stokes, 

anti-Stokes scattering, and Rayleigh scattering. Apart from this, λ4 denotes fluorescence, λ2 

represents blackbody radiation from the sample, and λ1 illustrates blackbody radiation from the 

crucible. The radiation shield effectively blocks λ1 and attenuates λ2. 
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Figure 6.5. Normalizing peak and subtracting blackbody radiation. The sample is silicon-based 

(MSR) heating in-situ at 1100 oC for 0 min. 

Since there are no peaks at the minimum and maximum values, the blackbody radiation 

was normalized to the sample signal, so the minimum and maximum are the same as the sample 

signal. After normalization, the sample signal was deducted from the blackbody radiation to 

show the actual peaks hidden in the blackbody radiation at elevated temperatures (Figure 6.5)222. 

                                           Bv(v,T)=
2hν3

c2
×

1

exp(
hv

kT
)-1

  (6.1) 

Blackbody radiation is shown in eq. 6.1, where Bv(v,T) is spectral radiance, h stands for 

Planck constant, v means the frequency of electromagnetic radiation, c denotes the speed of light 

in a vacuum, k represents the Boltzmann constant, and T is defined as the body's absolute 

temperature. 

Blackbody radiation from the sample (λ2) was measured separately and subtracted from 

the signal spectrum using an algorithm (Figure 6.5). In-situ measurements after 1000 °C 

demonstrate a significant amount of blackbody radiation, which was normalized with the 

aforementioned method to maximize the signal-to-noise ratio. To minimize fluorescence (λ4), a 
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longer wavelength laser (785 nm) was employed. Furthermore, fluorescence quenching 

techniques were implemented, where the chromophores were photo-bleached with a 785 nm 

laser for 5 mins before measurement. 

 

Figure 6.6. Peak calibration during measurement with neon light (for 532 nm Raman laser). 

During extended measurement, the spectral shift will become more severe during the 

Raman measurement214, which causes peak shifting during measurements. Also, during 

measurement, blackbody radiation from high-temperature regions and fluorescence from low-

temperature regions will cause significant noise. This noise will also induce spectral shifts as 

peaks are buried in the noises. In order to counter the spectral shifts, a 585 nm neon gas LED 

was placed in the detector pathway to compensate for the peak shift214. The neon LED will have 

three characteristic peaks from 200 cm-1 to 2000 cm-1 – 1698.5, 1784.0 and 1963.8 cm-1. Since 

the wavelength of neon light will never change, these three sharp peaks will also not alter their 

positions in the Raman spectra. All measured spectra are calibrated with neon light peaks, as 

shown in Figure 6.6. 
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6.3.3. Results and Discussion  

All the Raman spectra peaks are referred to as listed in the literature223. 

The ex-situ samples were heated to the desired temperature with a rate of 5 °C/min, held 

for 1 hour, and then cooled to room temperature at 5 °C/min. In contrast, the in-situ samples 

were heated at a rate of 100 °C/min. All samples were heated under ultra-high purity (UHP) 

argon flow (50 cm3/min for ex-situ and 15 cm3/min for in-situ). 

 

Figure 6.7 Room temperature spectra of cured SMP877 (a) in-situ; (b) ex-situ. 

No differences were observed between in-situ and ex-situ samples at room temperature 

apart from a slightly weaker Raman signal in the former spectrum (Figure 6.7). This indicates 

that the in-situ cell does not introduce additional peaks or significantly attenuate the signal. 

Additionally, we notice the sharp stretching peak of ν(Si-H) at 2125 cm-1, originating from the 

Si-H side chain from SMP-877. The ν(C=C) peak at around 1627 cm-1 shows the uncrosslinked 

double bond in the polymer, which originated from the allyl group on the SMP-877 resin. The 

rocking and stretching peak of ρ/ν(Si-C, Si(CH3)n) at around 548 – 605 cm-1 denotes the 

backbone of the polycarbosilane structure. The stretching peak νs/νas(CH2, alkane) at 2872 – 

2896 cm-1 and asymmetric stretching peak νas(CH3, CH3Si-) at around 2953 cm-1 stands for 

alkane groups attached and not attached to silicon backbone. Finally, the peaks around 681 – 738 

(a) (b) 
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cm-1 are bending band γ(Benzene) and vibrational band vib(Benzene), which originates from the 

thermal initiator dicumyl peroxide.  

 

Figure 6.8. Spectra taken at 200 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

At 200 °C, there are minimal differences in peak position and strength from room-

temperature measurements (Figure 6.8). However, after heating the sample in situ at 200 °C for 

30 min, a decrease in the ν(C=C) peak intensity at approximately 1627 cm-1 was observed. This 

attenuation indicates that the polycarbosilane SMP-877 begins to crosslink at this temperature, 

consistent with the observation that the samples harden at 200 °C under the employed curing 

conditions. 

 

Figure 6.9. Spectra taken at 300 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

(a) (b

) 

(a) (b) 
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At 300 °C, rapid crosslinking happens during this heating stage (Figure 6.9). Even at 0 

min, the ν(C=C) peak at around 1627 cm-1 significantly shrank, while at 30 min, this peak 

completely disappeared. This observation signifies the crosslinking process completes heating at 

300 °C for 30 min. 

 

Figure 6.10. Spectra taken at 400 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

At 400 °C, the ν(Si-H) peak at approximately 2125 cm-1 decreased in intensity compared 

to the spectra at 300 °C, indicating the onset of dehydrogenation. Furthermore, an additional 

decrease in the Si-H peak intensity was observed upon heating from 0 to 30 min, suggesting 

further dehydrogenation (Figure 6.10). 

(a) (b) 
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Figure 6.11. Spectra taken at 500 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

At 500 °C, significant dehydrogenation occurs, as evidenced by the sharp drop in 

intensity of the ν(Si-H) peak at approximately 2125 cm-1. This dehydrogenation is particularly 

pronounced after 30 min of heating, where a substantial reduction in the ν(Si-H) peak is observed 

(Figure 6.11). Moreover, the decrease in intensity of the twisting/deformation/stretching 

τ/def/ν(CHx) peak at 1353 - 1447 cm-1 indicates the initial breakdown of alkane side chains. The 

disappearance of the νas(CH3, CH3Si-) peak at approximately 2953 cm-1 after 30 min suggests the 

initial cleavage of silicon-based side chains. 

 

Figure 6.12. Spectra taken at 600 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

(a) (b) 

(a) (b) 
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At 600 °C (Figure 6.12), significant dehydrogenation occurs immediately upon heating (0 

min). Additionally, a significant decrease in the intensity of the τ/def/ν(CHx) peak at 1353-1447 

cm-1 indicates the breakdown of alkane side chains. Notably, significant fluorescence is observed 

after heating for 30 min, and only the backbone ρ/ν(Si-C, Si(CH3)n) peak survived at 

approximately 548-605 cm-1. This suggests the formation of aromatic species and the onset of 

polymer backbone rearrangement. 

 

Figure 6.13. Spectra taken at 700 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

Significant fluorescence occurs when the temperature rises to 700 °C, completely 

masking the peaks and rendering these spectra unprocessable and no interpretation was possible.  

The fluorescence is likely due to organic ring compounds. 

 

Figure 6.14. Spectra taken at 800 °C in-situ for SMP877 heating for (a) 0 min; (b) 30 min.  

(a) (b) 

(a) (b) 



104 

Upon initial heating to 800 °C, a significant decrease in fluorescence was observed 

(Figure 6.14). This reduction is likely due to the elevated temperature accelerating the 

decomposition of organic compounds. The spectral profile also changed at this stage, suggesting 

alterations in the fluorophore compositions. After 30 min of heating at 800 °C, the fluorescence 

further diminished, revealing a broad peak at approximately 1200 – 1600 cm-1. This peak, 

characteristic of the G band in Raman spectra, indicates the onset of graphitization224. 

 

Figure 6.15. Spectra taken for SMP877 (a) in-situ heating at 1000 °C for 0 min; (b) ex-situ room 

temperature measurement heated at 1000 °C. 

At 1000 °C, fluorescence attenuates as more organic species decompose, and blackbody 

radiation becomes the dominant noise source at this heating stage (Figure 6.15). Figure 15(a) 

concludes that D and G auro start to differentiate more from background noise. The ex-situ data 

(Figure 15(b)) backs up the in-situ (Figure 15(a)) data. D and G band auro at 1329 cm-1 and 1543 

cm-1 denote graphitization. 

(a) (b) 
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Figure 6.16. Spectra taken for SMP877 (a) in-situ heating at 1200 °C for 0 min; (b) ex-situ room 

temperature measurement for SMP877 heated at 1200 °C. 

At 1200 °C, blackbody radiation intensifies, increasing noise and hindering data 

processing (Figure 6.16). However, the increased temperature leads to further suppression of 

fluorescence due to the decomposition of organic compounds, allowing for clearer observation of 

the D and G bands. The ex-situ data (Figure 16(b)) support the findings from the in-situ data 

(Figure 16(a)), showing distinct D and G bands. Peak deconvolution using Gaussian fitting 

reveals the D1 (1321 cm-1), D2 (1392 cm-1), and G (1588 cm-1) bands, indicative of more 

complete graphitization225. 

 

Figure 6.17. The ex-situ spectrum taken at room temperature for SMP877 and heated at 1400 °C. 

(a) (b) 
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At 1400 °C, blackbody radiation overwhelms the Raman signal, making in-situ peak 

extraction impossible. Therefore, ex-situ experiments (Figure 16.17) provide valuable insights 

into the transformations occurring at this temperature. The D and G bands are fully resolved, and 

the large D/G ratio indicates a highly disordered graphitic structure. 

A weak ν(Si-C, Si-R) peak is observed around 750 cm-1, and a weak ν(Si-O, Si-O-Si) 

stretching peak at approximately 1046 cm-1 represents residual silica species104, suggesting the 

presence of excess oxygen. The weak C≡C peak indicates negligible alkyne species at 

approximately 2250 cm-1. The broad 2D overtone band at 2675 cm-1 suggests the presence of 

few-layer graphene, while the D + G combination band at 2922 cm-1 confirms the presence of 

defects in the graphene structure. 

 

Figure 6.18. Spectra taken at room temperature for SMP877 (a) heated in the in-situ cell for 30 

min at 1500 °C; (b) ex-situ room temperature measurement for SMP877 heated at 1500 °C. 

Due to the intense blackbody radiation at 1500 °C, which hinders in-situ Raman analysis, 

the sample was cooled to room temperature within the in-situ cell for spectral acquisition (Figure 

18(a)). The D and G bands are fully resolved, and a weak SiO2 band is observed around 460 cm-

(a) (b) 
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1. Ex-situ measurements provide further insights into the structural evolution at 1500 °C. The D 

and G bands are fully resolved, and the large D/G ratio indicates a highly disordered graphitic 

structure. The SiC (TO) band at approximately 780 cm-1, and the SiC (LO) band226,227 at 

approximately 945 cm-1 show increased intensity. Compared to 1400 °C, the increase in carbide 

species at the expense of silica species at 1500 °C suggests that carbothermal reduction occurs at 

this temperature. Both the alkyne peak at approximately 2250 cm-1 and the D + G combination228 

band at approximately 2930 cm-1 also exhibits growth.  

6.4. Ex-situ kinetics study 

Besides in-situ characterizations, ex-situ experiments give us more insights into when and 

how fast the carbothermal reduction of silica/carbon and reaction bonding of silicon/carbon 

happens. The Raman peaks are extracted and fitted with Gaussian equations; their intensities are 

taken to estimate different species' relative content and reaction kinetics. 
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Figure 6.19. 877 pyrolyzed ex-situ at (a) 1400 °C for 0 h; (b) 1400 °C for 1 h; (c) 1400 °C for 2 

h; (d) 1400 °C for 4 h; (e) 1400 °C for 8 h; (f) relative content of different species variation with 

time. 

It can be concluded from Figure 6.19 that for pure PCPs like polycarbosilanes SMP877, 

pyrolysis under 1400 °C only yields graphitic carbon and SiO2, with no effect of reaction 

duration. Longer pyrolysis times at 1400 °C does not significantly alter the composition of the 

samples. After heating at 1400 °C for 1 h, it is noted that a very small Si-R stretching ν(Si-C, Si-
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R) at around 750 cm-1, which is derived from either a high concentration of stacking faults or the 

confinement of phonons within sub-nanometer regions229 of crystalline beta-silicon carbide229. 

These results indicate that a very small amount of carbothermal reduction occurred at 1400 °C 

with a very slow speed, yielding negligible nanocrystalline amorphous Si-C structures. 

While pure polycarbosilane 877 heating at 1400 °C shows no signs of compositional shift 

or carbothermal reduction (Figure 6.20), the peaks start to differentiate and show signs of 

carbothermal reduction at 1500 °C. 

 

Figure 6.20. 877 pyrolyzed ex-situ at (a) 1500 °C for 0 h; (b) 1500 °C for 0.5 h; (c) 1500 °C for 1 

h; (d) 1500 °C for 2 h. 

When heated at elevated temperatures, SiC slowly grows at the cost of carbon and silica 

through carbothermal reduction, which is detailed in Figure 6.21(a). Furthermore, Figure 6.21(b) 

summarizes how different species evolve and the first-order kinetics of carbothermal reduction.  
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Figure 6.21. (a) evolution of relative content of different species with time; (b) first-order 

kinetics fitting of SiC. The 877 samples are pyrolyzed at 1500 °C. 

Different species generated throughout the pyrolysis process are recorded with Raman 

spectroscopy (Figure 6.21), where the relative content of the SiC species grows with longer 

pyrolysis time as the carbothermal reaction takes place at 1500 °C, and the relative content is 

fitted with first-order kinetics (eq. 6.2): 

                                                             In[A] = -kt + In[A]0   (6.2) 

                                                        C=
A

A0
=(1-e-0.0346t)×100%  (6.3) 

 where [A] stands for the concentration of the species of interest, k is the rate constant, t 

means time, [A]0 represents the initial concentration of the species of interest, and C denotes 

relative concentration. 

 Figure 6.21 (b) plots the relative concentration C of SiC changing with time, and the 

kinetics equation is derived in eq. 6.3. It can be concluded that the speed of SiC generation is 

very slow and trending toward even slower. The reaction has a kinetics rate of 0.0346 (k1). 
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Figure 6.22 illustrates 877 and MSR compositional, morphological evolution throughout 

the heating process.  

 

Figure 6.22. SEM micrographs of MSR heated at 1400 °C for (a) 0 h; (b) 1 h; (c) 4 h; (d,h) 8 h. 

877 heated at 1400 °C for  (e) 0 h; (f) 8 h. 877 heated at 1500 °C for (g) 2 h. 

The SEM micrographs in Figure 6.22 (e,f,g) show that despite the heating time (0 – 8 h) 

and heating temperature (1400 - 1500 °C), pure polycarbosilanes SMP-877 does not yield any 

crystalline structures. Instead, there are only amorphous phases with cracks presented in the 

samples, resulting from shrinkage associated with turning polymers into ceramics. Elemental 

silicon has a melting temperature of 1414 °C, which denotes that the silicon nanoparticles will 

not melt at this temperature, and reaction bonding will only happen at the silicon-carbon 

boundary. This is illustrated in Figure 6.24(a) Raman spectra, where a small amount of SiC is 

generated while a large amount of graphitic carbon still resides in the MSR sample. This is also 

made clear in Figure 6.22 (a-c), where the clear boundaries of two phases are presented in the 

sample, and there are no crystalline structures. Up to 4 h of heating at 1400 °C, no visual growth 
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of SiC was noted in the sample. Only after 8 h, sub-micron sizes SiC were observed in the 

samples (Figure 6.22 (d,h)), which is also evidenced by the sudden growth of SiC in the Raman 

peak (Figure 6.24(a)) 

Ex-situ experiments were also conducted on silicon-based resin MSR to study when and 

how fast reaction bonding between silicon and carbon occurs in the samples during firing; the 

results are shown in Figure 6.23 to 6.26. Due to the limited amount of silicon species in pure 

polycarbosilane, the reaction speed of carbothermal reduction is extremely slow (k1 = 0.0346). 

This is the main reason for PDC impurity – low ceramic yield SiC and excess carbon. While 

amorphous SiOC in the sample binds the sample together, the graphitic carbon still acts as a 

secondary phase that separates the continuous phase and weakens the samples. In order to solve 

this issue, silicon was added to the resin composition as an active filler (as discussed in Chapter 

5).  
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Figure 6.23. MSR pyrolyzed ex-situ at (a) 1400 °C for 0 h; (b) 1400 °C for 0.5 h; (c) 1400 °C for 

1 h; (d) 1400 °C for 2 h; (e) 1400 °C for 4 h; (f) 1400 °C for 8 h. 

From Figure 6.23, it can be concluded that the addition of silicon in polycarbosilane 

significantly speeds up the reaction kinetics of SiC, where reaction bonding helps neutralize the 

excess carbon in the sample. At 1400 °C, silicon does not yet melt, which also confines the 

reaction bonding to adjacent areas where silicon impinges graphitic carbon (as shown in SEM 
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micrographs). With a longer heating time at 1400 °C (Figure 6.23(a-f)), it is clear that SiC 

species grow at the cost of both silicon and carbon, which denotes the reaction bonding of SiC.  

 

Figure 6.24 (a) evolution of relative content of different species with time; (b) first-order kinetics 

fitting of SiC. The MSR samples are pyrolyzed at 1400 °C. 

                                                        C=
A

A0
=(1-e-0.0634t)×100%  (6.4) 

 The evolution of Si, SiC, and carbon species heating at 1400 oC throughout the entire 

heating process is recorded in Figure 6.24(a), where the SiC species grows at 0.5 h of heating 

time and progresses to increase with longer heating time. This process effectively consumes the 

graphitic carbon in the samples. The relative content of SiC was fitted with a first-order kinetic 

expression and shown in Figure 6.24(b) and eq. 6.4, the reaction shows a moderate kinetic rate 

constant of 0.0634 (k2). The slow reaction bonding reaction kinetics can be explained by silicon 

not melting at this temperature and only reacting with adjacent carbon (Figure 6.22 (a-d)). 
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Figure 6.25. MSR pyrolyzed ex-situ at (a) 1500 °C for 0 h; (b) 1500 °C for 0.5 h; (c) 1500 °C for 

1 h; (d) 1500 °C for 2 h. 

Figure 6.25 records Raman measurements on MSR samples after heating at 1500 °C for 

different time intervals. The reaction kinetics of the pyrolysis of MSR samples was recorded and 

fitted with first-order kinetics, where the evolution of different species in the samples throughout 

the heating process was recorded and shown in Figure 6.26. 
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Figure 6.26. (a) Evolution of relative content of different species with time; (b) first-order 

kinetics fitting of SiC. The MSR samples are pyrolyzed at 1500 °C. 

                                                          C=
A

A0
=(1-e-0.6677t)×100%  (6.5) 

The evolution of all the species in silicon-based MSR heating at 1500 °C is plotted in 

Figure 6.26(a), where significant changes in their content are noticed – SiC rapidly grows at the 

cost of graphitic carbon species, which is evidenced by the high kinetic rate at this temperature 

(k3 = 0.6677). Eq. 6.5 was a fitting of the relative content of SiC with the first-order kinetic 

equation, which is plotted in Figure 6.26 (b). Compared to MSR samples heated at 1400 °C, the 

growth of SiC through reaction bonding is phenomenally more rapid – with more than 10 times 

higher kinetic rate. 

SEM micrographs were taken for MSR heated at 1500 °C to investigate reaction bonding 

and SiC crystal growth (Figure 6.27). 
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Figure 6.27. SEM micrographs of MSR heated at 1500 °C for (a,e) 0 h; (b,f) 0.5 h; (c,g) 1 h; (d,h) 

2 h.   

From Figure 6.27 (a-d), it can be concluded that pores are being closed when heating for 

a longer time, and from Figure 6.27 (e-h), it is clear that crystals are generated even at 0 h of 

heating, and they grow in size upon a longer heating time. The SEM micrographs are good 

evidence of how fast the reaction bonding is taking place in the sample, and the importance of 

incorporating silicon nanoparticles into the resin is evident with these micrographs. 
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6.5. Conclusions 

 

Figure 6.28. Summary of the polymer-to-ceramic transition process. 

This study underscores the complementary roles of in-situ and ex-situ methodologies in 

comprehensively characterizing the polymer-to-ceramic pyrolysis process. In-situ 

experimentation proved indispensable for elucidating the intricate structural and compositional 

transformations occurring during this crossover transition. The real-time monitoring capability of 

this technique effectively fills in the blanks in conventional ex-situ methods, which are limited 

by their prolonged heating and cooling cycles. The innovation of in-situ experiments allowed for 

the detailed observation of sequential transformations, including shape-forming, post-curing, 

dehydrogenation, chain-reorganization, aromatization, graphitization, and carbothermal 

reduction (summarized in Figure 6.28), providing a comprehensive, dynamic view of the 

pyrolysis process that surpasses the limitations of conventional techniques. 
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Complementing the in-situ analysis, ex-situ methodologies were employed to investigate 

the kinetic aspects of the pyrolysis process at higher temperatures when blackbody radiation 

completely masked the Raman signals. Specifically, carbothermal reduction and reaction 

bonding were examined. Kinetic analysis revealed a low reaction rate for pure polycarbosilane 

(PCP) at 1500 °C (k1 = 0.0346). However, the incorporation of a silicon-based resin (MSR) 

demonstrated a substantial catalytic effect, significantly accelerating the carbothermal reduction 

process. Notably, rate constants of k2 = 0.0634 at 1400 °C and k3 = 0.6677 at 1500 °C were 

observed, indicating a dramatic enhancement in reaction kinetics. The combination of two 

methods provides a powerful framework for understanding and optimizing PCP pyrolysis by 

utilizing in-situ techniques for detailed structural analysis and ex-situ methodologies for kinetic 

studies at higher temperatures. 

This research demonstrates the synergistic potential of combining in-situ and ex-situ 

characterization methods. In-situ analysis provides detailed, real-time insights into the structural 

and compositional evolution, while ex-situ studies enable the precise quantification of reaction 

kinetics at elevated temperatures. This combined approach represents a significant advancement 

in the development of tailored PDC materials, facilitating the control of microstructure and 

properties through pyrolysis process optimization. 
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CHAPTER 7: ENGINEERING THE PRINTING RESOLUTION OF THERMAL SLA 

Parts of this work are adapted from the work of Evelyn Wang and Michael A. Hickner in 

preparation. This is the version of the article before peer review or editing as submitted by the 

authors for publication. The publisher is not responsible for any errors or omissions in this 

version of the manuscript, or any version derived from it.  

7.1. Abstract 

A significant challenge in thermal SLA is achieving high resolution, as thermal diffusion 

broadly impacts thermal energy distribution and curing kinetics. This study investigates the 

influence of resin composition and thermal management on printing resolution in NIR thermal 

SLA. We analyze the impact of key resin properties, including density, heat capacity, and 

thermal diffusivity, on the resulting resolution. Furthermore, we examine the effects of laser 

heating time and active cooling strategies, including convective cooling and resin bed cooling, 

on mitigating thermal diffusion. Based on the transient heat diffusion equation, a finite element 

analysis (FEA) model was developed and validated with experimental data. This combined 

approach allows for a comprehensive analysis of how resin thermal properties and active thermal 

management influence the printing resolution of the NIR thermal SLA process. The results 

demonstrate that effective thermal management yielded a resolution of 0.72 mm on the custom-

designed thermal SLA printer and a resolution below 100 μm on a modified 3DCeram, Sinto 

C101 Easy Fab printer. 

7.2. Introduction 

Tuning the printing resolution is critically important during the thermal SLA 

process124,152. Especially because, unlike the more industrialized UV-based SLA, it is difficult to 
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confine the thermal energy of high-intensity lasers to a small region124. Thermal SLA printing 

suffers from low printing resolution and lower resin stability due to intrinsic limitations 

stemming from its 2-3 orders of magnitude higher energy density than UV-based printing124,153. 

This concentrated thermal energy in localized spots reduces resolution, a stark contrast to 

conventional UV-based SLA technology, where most printers have an energy density of 1 

mJ/cm2 to 10 mJ/cm2, which dissipates efficiently during the entire printing process90,230. 

Furthermore, the absence of thermal initiators in UV-based resins enhances their resistance to 

high local temperatures and thermal diffusion231. This thermal diffusion and high local 

temperature pose a major challenge to high-resolution thermal SLA because the high energy 

density is difficult to manage, and thermal initiators in the resin exacerbate over-curing by 

facilitating the polymerization process, further reducing resolution232.  

Currently, thermal SLA achieves only millimeter-level accuracy (Chapter 3-5), while 

UV-based methods already achieve micron-sized resolutions. UV light scattering is the primary 

factor affecting the printing resolution during the UV-SLA process38,86. Thermal SLA resolution 

is limited by thermal diffusion. This impacts overall accuracy and fidelity because fewer 

methods exist to control thermal diffusion in the laser-projected area124. Therefore, effective 

methods to improve thermal printing resolution are of utmost importance. This report 

investigates three methods to control thermal diffusion: tuning the resin's thermal conductivity 

(k), convective cooling with forced argon flow, and coolant circulation to maintain the resin pool 

temperature. The first method involves adjusting resin composition, while the latter two focus on 

active cooling of the resin pool and printed structures. After projecting the laser onto the printing 

media, the light absorbers in the resin will absorb the thermal energy and use the energy to start 
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polymerization. While excess heat will escape the printing region, thermal temperature 

management is critical in confining that excessive heat in localized regions, which helps 

determine the final part's fidelity and resolution.  

Thermal conductivity is crucial in SLA printing resins because it directly influences 

thermal diffusion within the resin during the printing process233. The phonon mean free path 

primarily determines the thermal conductivity, as heat capacity and sound velocity are relatively 

fixed intrinsic material properties234. Polymers inherently have a small phonon mean free path 

due to their amorphous structure, making it difficult for phonons to travel through the material. 

While some high-k polymer fibers exist, they are impractical for 3D printing resins. Therefore, 

thermally conductive particles are often added to the resin to enhance thermal conductivity and 

control thermal diffusion235. The rule of mixture indicates that a higher concentration of these 

particles, such as the silicon nanoparticles used in this research, creates more phonon-conducting 

pathways236 (Figure 7.1), leading to a higher overall k of the composite and, thus, more precise 

control over thermal energy spread213.  

Thermal conductivities are controlled and affected by the phonon scattering in the 

sample, eq. 7.1234: 

                                                                    k=
1

3
cv⋅ν⋅l (7.1) 

where cν stands for volumetric heat capacity, l is the mean free path of phonons in the 

sample, and ν denotes the speed of sound.  
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Figure 7.1. Phonon transport in polymer composite. 

FEA offers a powerful and efficient computational approach for optimizing 3D printing 

processes like SLA237 and SLS238. FEA provides critical insights into thermal management, 

which is crucial for controlling the printing process and enhancing resolution. By simulating heat 

transfer, the material's thermal response, and the cooling process, FEA models enable precise 

control over the thermal aspects of printing238. Key parameters, including laser settings (power, 

speed), cooling effects, material properties (k, heat capacity, density), and build platform 

temperatures, can be systematically investigated and optimized through the model. Data can be 

fitted with an analytical model to improve predictability. Consequently, FEA significantly 

enhances the SLA printing process by reducing the need for costly and time-consuming trial-

and-error experimentation, ultimately improving print fidelity and resolution237. 

This research employs a synergistic approach combining experimental measurements and 

analytical modeling to elucidate the critical factors governing thermal printing resolution in SLA. 

The analytical models, validated against experimental data, serve as predictive guides for 
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optimizing and interpreting the experimental design. Specifically, insights derived from the 

models informed the implementation of two distinct active cooling strategies to minimize 

thermal diffusion and thereby maximize printing resolution. Applied to our custom-built system, 

these strategies yielded the best resolution of 0.72 mm. Furthermore, this work is in collaboration 

with 3DCeram, Sinto. Utilizing their C101 Easy Fab printer and incorporating tailored thermal 

management techniques based on our modeling results, we achieved a significantly enhanced 

resolution of under 100 μm, which is approaching the resolution of UV-based SLA printers. This 

demonstrates the effectiveness of combining analytical insight with practical implementation to 

advance the precision of thermal SLA printing. 

7.3. Experimental section 

7.3.1. Materials 

The chemicals and materials used in this report are shown in section 5.3.1, where 

acrylate-modified siloxane RMS-992 ((Methacryloxypropyl)methylsiloxane, 95 - 100%, Gelest, 

Morrisville, PA) was added as both crosslinker and PCP, SMP-877 (Starfire Systems, Glenville, 

NY) resin was chosen as the main PCP and dicumyl peroxide (Sigma-Aldrich, 98%, St. Louis, 

MO) was mixed as the thermal initiator for thermal printing. Carbon black (1 wt%, Sigma-

Aldrich, 24 nm, St. Louis, MO) was added into resin only for testing at 3DCeram, Sinto’s 

printers. Silicon nanoparticles (500 nm, US nano, Houston, TX) were homogeneously blended 

into the resins with a FlackTek speed mixer (Greenville, SC) with a two-step mixing procedure. 

First, the resin and nanoparticles are mixed under ambient pressure with a spinning speed of 

1000 RPM for 1 min. Then, the mixture is subsequently mixed under a 6.7 kPa vacuum with a 

spinning speed of 2000 RPM for 3 min. All the resin compositions are listed in Table 7.1. 
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Table 7.1 Resin compositions used in this report. 

Components GRR MSR SRR HSR 877 RMS 877 

RMS-992 / wt% 34.88 32.39 29.91 27.35 49.75 0 

SMP-877 / wt% 34.88 32.39 29.91 27.35 49.75 99.01 

Dicumyl peroxide / wt% 0.35 0.32 0.30 0.55 0.50 0.99 

Silicon (500 nm) / wt% 29.90 34.89 39.88 44.75 0 0 

Note: GRR: graphite-rich resin (lowest silicon content); MSR: medium silicon resin (medium 

silicon content); SRR: silicon-rich resin (high silicon content); HSR: high-silicon resin (highest 

silicon content); 877 RMS: resin composition without silicon content; 877: pure PCP without 

crosslinkers and silicon. 

7.3.2. Characterization 

DSC thermograms were taken with a DSC Q2000 (TA instrument, New Castle, DE) to 

analyze polymerization temperatures. Thermal measurements were taken with a C-THERM 

Trident systems (Fredericton, NB, Canada) equipped with a Modified Transient Plane Source 

(MTPS, ASTM D7984) sensor. An Archimedes density measurement setup (Mettler Toledo 

density kit, ASTM B962-17) was used to obtain the samples' densities after pyrolysis. The 

optical power of the NIR laser is measured with a thermal sensor (Thorlabs, Newton, NJ, S442C 

heat sink with power meter console). Thermal images are taken with a thermal camera (Teledyne 

FLIR E8, Wilsonville, OR). 

7.3.3. Analytical model  

In the analytical model, we consider NIR laser printing a simple 2D transient heat 

transfer model, where the laser moves in a line and heats that line. A temperature distribution 

will occur due to thermal diffusion, which is illustrated in Figure 7.2. 
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Figure 7.2. (a) NIR laser project onto resin pool; (b) NIR laser scanning through the resin pool. 

The first assumption in the model is that upon the laser irradiation onto the resin surface, 

the laser will immediately transfer its optical power into the resin by absorption. Since thermal 

energy will diffuse into the surrounding area, there will be a distribution of temperature in the 

radial direction (Figure 7.1(a)). Scanning the laser across the resin surface will leave behind a 

trail of heated area (Figure 7.1(b)). The laser instantly delivers its optical power to the resin and 

heats up the hot center region to Thot (150 °C (measured with thermal camera FLIR E8)), while 

the hot region diffuses heat into the cold (Tcold) surrounding regions.  

In order to fit this into an easy-to-understand analytical model, we can simplify the model 

by placing a hot area in the middle and applying the transient heat transfer equation239 (eq. 7.2) 

to the entire region. 

                                                              ρCp
∂T

∂t
=∇*(k∇T)+Q (7.2) 

Where ρ, Cp, k, and T symbolize the density, specific heat capacity, thermal conductivity, 

and resin temperature; t is the time, and Q stands for the internal heat source (NIR laser). 

The second assumption is that the material is homogeneous and isotropic. The second 

assumption for the model is that the material's thermal conductivity remains at different 



127 

temperatures. Therefore, a simplified version of the transient heat transfer equation can be 

expressed in eq. 7.3.  

                                                            ρCp
∂T

∂t
=k (

∂
2
T

∂x2
+

∂
2
T

∂y2
) +Q (7.3) 

The third assumption is that only the resin above polymerization temperature Tp will 

polymerize and become the “printed parts” during a thermal SLA process. The polymerization 

temperature is recorded with DSC, which is 97.9 °C, as shown in Figure 7.3.  

 

Figure 7.3. DSC spectrum of MSR. 

The DSC curve of the resin was run under nitrogen flow (50 cm3/min), with a ramp rate 

of 5 °C/min from 0 °C to 200 °C. The sharp peak at around 97.9 °C (TP1) denotes the 

polymerization peak of acrylate groups, which indicates the resin will begin to cure above this 

temperature.  

In the analytical model, we assume that the laser only scans through the surface of the 

resin in a straight line and immediately heats up the local area under NIR laser irradiation. The 

heated region will serve as the hot source, which diffuses heat into the surrounding regions 
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(uncured resin acts as a heat sink). MATLAB was used to calculate and plot the analytical 

model's results. 

During the simulation, the input parameters are k, density and heat capacity of the resin, 

temperature of the hot region (which is the region from laser heating, Thot) and cold region 

(uncured resin as the heat sink, Tcold), hot region width (which is measured as 0.5 mm), time after 

heating (duration of simulation, t). 

7.3.4. Thermal printing parameters 

Printing tests were done with the following parameters: 24 mm/s for wall print speed, 40 

mm/s for infill speed, 1 mm line width with grid infill pattern, and test printing layers of 45 mm 

× 45 mm rectangular blocks.  

The energy density can be calculated according to eq. 3.1. During the wall printing 

process (scanning speed 24 mm/s), the energy density equals 39.58 J/cm2, and during the infill 

printing process (scanning speed 40 mm/s), it equals 23.75 J/cm2. 

The printing resolution was demonstrated with a single line printing, which was 

performed with laser scanning through (24 mm/s) the surface of the resin in a straight line. The 

cured resin was taken out of the resin pool, and the width of the resin was measured to give line 

width values.  

7.4. Discussion  

The active cooling method consists of a forced argon connection for resin surface cooling 

and water circulation for resin pool thermal management. Convection cooling of the resin pool 

was first considered, and it was analyzed experimentally and analytically to determine how it 

affected the printing resolution. 
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7.4.1. Experimental data on active cooling 

Active cooling methods during the thermal SLA affect the resolution by controlling the 

temperature of the resin pool and printing area; the results of these two active cooling methods 

are displayed in Figure 7.4. Thermal diffusion in the resin vat will affect the printing resolution 

as the excess resin area will be cured. Argon gas was projected at 370 kPa, and the circulating 

water was kept at 25 °C. 

 

Figure 7.4. Real-time thermal images captured by FLIR E8 camera. (a1,a2,a3) are shown 

printing with both active cooling methods; (b1,b2,b3) are shown printing with only forced argon 

convection (active cooling); (c1,c2,c3) are shown printing with no cooling effects. Digital photos 

are taken for printing after 0.1 s (first column), 5 s (second column), and 10 s (third column). 



130 

A clear distinction between the printing with and without active cooling methods is 

shown in Figure 7.4, where the printing of a 45 mm × 45 mm square without infill was 

demonstrated (wall printing speed 24 mm/s, laser optical power 4.75 W). Figure 7.4(a1,a2,a3) 

shows the changes in thermal profiles after the NIR laser scan across the resin surface after 

different time intervals, where both active cooling methods were applied. It is clear that after 5 

seconds, there is only minimal lingering heat (residual thermal energy) left in the resin pool, and 

no obvious heat diffusion into the non-printing area was observed. After 10 s, most of the 

lingering heat was removed, and there was only negligible thermal history in the resin pool. As a 

result of active cooling, there is a minimal amount of thermal diffusion, and the printing 

resolution was optimized to 0.72 ± 0.03 mm. When there is only forced argon convection cooling 

alone, results are displayed in Figure 7.4(b1,b2,b3) – similar results are obtained compared to 

printing with both active cooling methods. Nevertheless, more lingering heat at 5 s and moderate 

thermal diffusion into non-printing areas were observed on both 5 s and 10 s. Finally, when it 

comes to thermal printing without any active cooling methods, significant thermal diffusion and 

lingering heat were observed in Figure 7.4(c1,c2,c3). The thermal diffusion into the non-printing 

area heated up a much larger area than the printing area, significantly lowering the resolution 

(1.98 ± 0.08 mm). 

7.4.2 Analytical results from active cooling 

When the thermal energy is not removed in a timely fashion from the resin, the heat will 

continue to diffuse into the surrounding area. This lingering heat is the main culprit for lowering 

the thermal printing resolution. The effect of heating time was analyzed using the analytical 

model to determine how detrimental the lingering heat and higher k are to printing resolution. 
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The effect of lingering heat is plotted in Figure 7.5, and the detailed data about lingering heat 

effects are plotted in Figure 7.10. 

 

Figure 7.5. 2D and 3D view of thermal energy distribution on resin (MSR) surface from the 

analytical model after (a, b) 0.1 s; (c, d) 10s.  

It can be concluded from Figure 7.5 that the longer the excess heat stays on the resin pool 

surface, the worse the printing resolution will be, which stays true for all resin types (Figure 

7.10). When the lingering heat is not removed for up to 10 s, the line width will increase 

significantly (by 207.7 %) as larger areas are heated above their polymerization. The results from 

the analytical model again exemplify that rapidly removing the lingering heat during the thermal 
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printing process will notably facilitate a high-resolution process. This aligned with the 

observation in experiments (Figure 7.4) – forced argon convection cooling removes the residual 

heat and maintains a high resolution.  

7.4.3 Experimental data on bed temperature 

Resin bed temperature is crucial in controlling the thermal printing process, controlled 

with coolant circulation cooling for the resin pool. This is exemplified in Figure 7.6, where clear 

differences were observed during the printing process with and without resin pool cooling. 

 

Figure 7.6. Real-time thermal images captured by FLIR E8 camera. (a1,a2,a3) are shown 

printing with no active bed cooling; (b1,b2,b3) are shown printing with bed cooling. Digital 

photos are taken 0.1 s after the printing (immediately after printing). MSR was demonstrated for 

printing. 

Test printing blocks of 45 mm × 45 mm were printed, and 3 layers were printed to 

monitor the bed temperature dynamics. Printing of each layer takes 116 s, and subsequent layers 

are built on top of each other, where the thermal images are recorded after 0.1 s. It is also clear in 
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Figure 7.6(a1,a2,a3) that the resin bed temperature increases after elongated printing, and the 

heat is trapped inside the resin pool. On the contrary, when the resin pool is under bed cooling, 

the residual heat can be rapidly removed, even after multiple layers (Figure 7.6(b1,b2,b3)). After 

printing each layer, there is only a minor increase in the bed temperature. 

After extended printing periods, the resin pool temperature will increase. The initial 

temperature of the resin pool is 25.0 °C, while after printing one single layer, it rises to 34.3 °C. 

Such a sharp increase in the resin pool temperature will lead to a lower printing resolution, as 

higher bed temperatures will make it easier to heat up the resin to polymerization temperature, as 

discussed in the following session.  

7.4.4 Analytical results from bed temperatures 

The bed temperature (heat sink temperature Tcold) was chosen as input in the analytical 

model (with 5s lingering heat); we can get the calculated line width versus the bed temperature 

(Figure 7.7) for analyzing how resin temperature affects the printing resolution.  

 

Figure 7.7. Effects of resin bed temperature on thermal printing resolution. 
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Figure 7.7 demonstrates that higher bed temperatures increase line width. Additionally, 

there is a large increase in both bed temperature and line width after printing the first layer. The 

results show that controlling the resin bed temperature effectively lowers thermal diffusion and 

optimizes printing resolution. This aligns with the results from the analytical model in Figure 

7.6, which demonstrates that coolant circulation effectively removes excess heat from the resin 

bed and maintains consistently high printing resolution. 

7.4.5. Resin thermal properties  

After optimizing the system engineering control methods, both active cooling methods 

were applied during printing to analyze the influence of k. Resins with higher k are more 

effective at dissipating the thermal energy from the NIR laser. Since k is positively related to 

particle loading, a series of resins with different silicon nanoparticle content are synthesized and 

tested for printing resolution. 

The thermal effusivity of the pyrolyzed samples is measured using the modified transient 

plane source (MTPS) method. The resins' heat capacity is measured using DSC at 25 °C with a 

ramp rate of 5 °C/min from 0 °C to 100 °C under Nitrogen flow (50 cm3/min). The densities of 

the pyrolyzed samples are calculated using the rule of mixture in eq. 7.5. 

                                                        ρ
c
 = ∑ Viρi

n

i = 1
 (7.5) 

Where ρc stands for the density of the composite resin, Vi means the volumetric fraction 

of component i, and ρi is the individual density of component i.  

Thermal conductivities are calculated from thermal effusivity values with eq. 7.6. 

                                                          e=√kρCP (7.6) 

Where e is thermal diffusivity, ρ means density, and CP represents heat capacity.  
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7.5. Results 

 7.5.1. Experimental results 

Resins with different silicon nanoparticle loadings were fabricated and tested with the 

NIR thermal printer. Figure 7.8 demonstrates the relationship among resin particle loadings, k, 

and printing resolution. 

 

Figure 7.8. The relation between the particle loadings, k, and the printed line width. 

The k of the resin composition increases from 0.18 W/mK to 0.24 W/mK from lowest to 

highest silicon loadings, whereas the measured line width increases from 0.55 ± 0.04 mm to 1.08 

± 0.08 mm. It can be concluded from Figure 7.8 that the thermal conductivity of resin increases 

with silicon loading, which also positively relates to the line width/printing resolution of thermal 

printing.  There is a sharp increase in the k when the silicon solid content increases from 34.8 

wt% to 44.8 wt%, denoting there is a steep increase in the phonon conduction pathways. The 

silicon nanoparticles in the printing resin are reaching the percolation limit, during which the 

interconnected silicon bridges in the resin facilitate phonon transport.  
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This phenomenon is aligned with the observation in the printing line width measurement 

– the sudden increase in the thermal conductivity from 34.8 wt% to 39.8 wt% silicon loading led 

to a sharp increase in the line width from 0.72 ± 0.03 mm to 1.07 ± 0.06 mm. Additionally, the 

general trend is consistent with our hypothesis that higher silicon loading will lead to higher k. 

Meanwhile, a higher k will subsequently cause a lower printing resolution (thicker linewidth). 

Figure 7.9 displays the printed line, demonstrating the printing resolution. It clearly 

visualizes the line width of resins with different k. 

 

Figure 7.9. Line width resolution testing of (a) GRR; (b) MSR; (c) SRR; (d) HSR.  

Figure 7.9 shows the line width of resins with different thermal conductivity, the values 

of which are shown in Figure 7.8. It can be concluded that a higher particle loading will lead to 

lower printing resolutions, especially when the particle loadings increase from 34.8 wt% (MSR) 

to 44.8 wt% (HSR). 

7.5.2. Analytical model results 

The heat capacity cp, densities ρ, and k of the resin were chosen as input in the analytical 

model. The line thickness was tested under different simulation times, where the effect of resin 

thermal conductivity was quantified and plotted in Figure 7.10. 
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Figure 7.10. Measured line thickness and calculated line thickness from the analytical model. 

Figure 7.10 illustrates that higher k leads to heat conduction and faster thermal diffusion 

into the surrounding regions. Additionally, longer heating time in the analytical model drastically 

increases the line width and thus lowers the printing resolution. Resins with higher k values 

result in wider printed lines for a given simulation time. This aligns with the trends observed in 

our analytical model and experimental results. Moreover, extended heating periods degrade 

printing resolution regardless of the resin used, as previously explained. 

7.5.3. Thermal printing with 3DCeram, Sinto 

The optimized resin composition was adapted and blended with 1 wt% carbon black for 

thermal printing at 3DCeram, Sinto (Grand Ledge, MI) with C101 Easy Fab SLA printer. The 

setting for the printing is 300 mJ/cm2, 1 mm/s printing speed, 75 μm hatch spacing, line pattern, 

and 25 μm offset to counter the thermal diffusion. Only natural convective cooling is adapted as 

limited modification can be applied to the industrialized printer. However, the small laser spot 

size (50 μm) combined with convective cooling helps maintain the high resolution (Figure 7.11). 
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Figure 7.11. Digital picture of (a,b) thermally printed lattice, green body; (c,d) as-printed lattice 

after pyrolysis. The pyrolysis procedure is the same as reported in Chapter 5. 

Figure 7.11 shows that the lattice after printing showed excellent layer-to-layer adhesion 

and dimensional fidelity. The sample, after printing, has a resolution under 100 μm, rivaling UV-

based printing for ceramics. The as-printed samples after pyrolysis demonstrate an 8% linear 

shrinkage, which also helps maintain the structural integrity of the lattice.  

7.6. Conclusions 

The current research combines experimental data and analytical model results to yield the 

best combination for optimizing thermal SLA printing resolution. The current analytical model is 

based on a 2D transient thermal diffusion model, which considers experimentally measured data 

cp, ρ, k, and laser parameters. The results of the analytical model align well with the 

experimental results – active cooling methods rapidly cool down the printing region and resin 

pool, which helps maintain high resolution; high resin k negatively affects the printing resolution 

by inflicting higher thermal diffusion. Finally, resin with a relatively lower k was chosen for 
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printing, as certain particle loading needs to be maintained to optimize the properties after 

pyrolysis. Two active cooling methods – forced argon convection cooling and resin pool water 

circulation cooling, were applied during printing to yield the best results. 

However, the analytical model also has drawbacks. The current model only considers the 

thermal diffusion of the laser-heated area in a 2D scenario, where the thermal diffusion in the 

depth will also influence the resolution. Moreover, the model only takes k and active cooling into 

consideration. Other factors, including resin convection and laser power distribution, affect the 

resolution during the printing process. Finally, the assumptions that k, cp, and ρ remain constant 

throughout the process will also affect the model outcome. 

Overall, the current analytical model paved a clear path for determining how to control 

the printing resolution of thermal SLA. In the research, both inner factors (resin k) and outer 

factors (active cooling methods) were analyzed and optimized to obtain the best printing 

resolution of 0.72 ± 0.03 mm in our thermal SLA printer and under 100 μm resolution with 

3DCeram, Sinto’s C101 East Fab printer.  
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CHAPTER 8: CONCLUSION 

 This dissertation centers around developing and progressing the thermal SLA method for 

AM of SiC-Composite ceramics, where the materials and 3D printing techniques are discussed in 

detail.  

 For the 3D printing technique, thermal SLA, this dissertation starts from developing 

thermal SLA for 2D printing, 2.5D lattice printing, 3D overhang structures printing, and micron 

lattice printing. Throughout the development of this technology, materials with finer structures 

and fidelity were achieved, where the resolution was tuned down all the way from 2mm to under 

100 μm. The definition, wall thickness, overhang structures, and accuracy are significantly 

improved throughout the entire research, from Chapter 3 to Chapter 7. Additionally, optimization 

methods, including resin recoating, active cooling thermal management, and resin composition 

optimizations, are utilized in the current study. As a result, optimized methods were developed 

for our own designed thermal SLA printer, and a proof-of-concept high-resolution thermal SLA 

printing display was accomplished at 3DCeram, Sinto (Chapter 7).  

 The materials development in this dissertation has two parts: developing resin 

compositions for thermal SLA and densification methods for high-performance SiC-Composite 

ceramics, characterization of these materials, and in-situ study of the polymer-to-ceramics 

transition process.  

 For the first part of the research, resin compositions based on acrylate, siloxane, and 

polycarbosilanes are employed for crosslinking and making green bodies from thermal SLA. All 

the resin compositions have a large amount of ceramic filler (up to 50 wt%) – passive fillers like 

SiC directly increase the ceramic yield and properties of the resulting Composite ceramics; 
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active fillers like silicon nanoparticles react with excessive carbon and yield a highly crystalline 

ceramic composite. Two methods are proposed for the research, which is categorized by 

dependence on whether the polymers in the as-printed greenbodies are necessary for the final 

composite ceramics. If the polymers in the greenbodies are not desired, they are first debinded in 

the air for full and partial removal. Then, the porous samples are backfilled with PDCs after 

multiple PIP cycles to give ultimate strength (flexural strength up to 74.3 ± 13.7 MPa, toughness 

up to 4.0 ± 0.9 MPa⋅m1/2 and lattice compressive strength up to 32.8 ± 11.2 MPa). If the 

polymers in the greenbodies are desired, passive filler silicon nanoparticles are incorporated into 

the resins for reaction bond with excessive graphitic carbon in the samples. As a result, highly-

crystalline (80.7 ± 0.6 %) SiC-Composite ceramics with large 3C-SiC crystallites (4.47 ± 1.92 

μm) with the highest performance (flexural strength: 89.6 ± 32.3 MPa; Weibull modulus: mM = 

2.716) are obtained. 

 The second part of  the dissertation focused on the characterization of composite 

ceramics and the in-situ Raman study of polymer-to-ceramics transition. The structures of 

ceramics resulting from different fabrication methods are elaborated, the kinetics of ceramics 

formation are illustrated, and the structural/compositional evolution during the polymer-to-

ceramics transition is detailed in the research. Multiple characterization methods are employed 

for characterizing the Composite ceramics, polymer-to-ceramic transition process, and reaction 

kinetics. FTIR, Raman, SEM, XPS, XRD, mechanical testing, thermal analysis, and microscopy 

were employed for materials characterization, where Chapter 3 and Chapter 4 reported a SiC-

based ceramics composed of SiC fillers and SiOC/SiCN matrix while Chapter 4 focused on the 

adoption of a Si-O-Cx scaffold for supporting the debinded greenbodies; Chapter 5 elaborated on 
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SLA of a highly crystalline SiC-Composite ceramics with large crystallites and crystallinity, the 

matrix binding the SiC particles are composed of Si/SiOC; Chapter 6 dived into in-situ Raman 

characterization of the entire polymer-to-ceramics transformation process and implemented ex-

situ data for reaction kinetics; Chapter 7 combines the techniques of thermal modeling and 

thermal engineering together for optimizing the printed parts and resolutions. 

 This dissertation expanded from the basics of PDCs, their structure-properties 

relationship, and the entire thermal SLA development life cycle for highly loaded ceramic resins. 

The research pointed out a new and clear pathway for SLA of high-performance SiC-based 

ceramic materials and the potential industrial adoption of this technique.  
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