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ABSTRACT

Increasing efficiency of gas turbine engines for aircraft propulsion and land-based power generation are
motivated by the need for materials capable of withstanding high operational temperatures and chemical inertness,
making ceramics exceptionally well-suited. Consequently, there has been a surge in the development of both
conventional and innovative ceramic manufacturing technologies to cater to these distinctive requirements.
Concurrently, the increasing popularity of additive manufacturing (AM) has spurred the maturation of 3D printing
techniques for ceramics and their precursors, offering a solution to manufacturing obstacles encountered with
traditional ceramic production methods. However, 3D printing of polymer-derived ceramics remains challenging
mainly because of challenges encountered during the printing and pyrolysis process, including fracture, warping,
and low ceramic yield. Here, post-processing is introduced to increase cross-linking and eliminate unreacted
monomers and partially reacted oligomers from green bodies to reduce warping and fracture during pyrolysis. After
post processing, final ceramic parts were produced with improved pyrolysis survival and ceramic yield. It was
demonstrated that utilization of these post-processing methods allowed larger, complex monolithic turbine vanes to
be produced reliably and repeatably. This work also introduces a straightforward methodology for establishing
optimal printing parameters within the constraints of commercially available software and hardware. Maximizing
exposure within printable limitation of DLP processes, produced green bodies with the highest conversion, resulted
in improved pyrolysis outcomes, manufacturability, and most importantly ceramic strengths comparable to
traditionally manufactured SiOC PDCs. Finally, the influence of functionalized graphene on bulk printed PDC
composites is explored. The impact of functionalizing graphene on suspension within the preceramic resin and on
printing and pyrolysis outcomes of subsequent ceramics is investigated. Finally, the influence of the addition of
these functionalized graphene powders on electrical, thermal and mechanical properties is investigated. Improving

the mechanical properties of graphene enriched PDCs via optimization of print parameters is discussed.
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CHAPTER 1. INTRODUCTION

1.1 Research Objectives

As part of a multi-institutional research effort, we proposed a comprehensive development effort to mature
additive manufacturing (AM) of ceramic matrix composite (CMC) airfoils with complex internal cooling features,
using a polymer precursor matrix. The effort was based on the additive manufacturing process demonstrated by
University of Wyoming for silicon oxycarbide (SiOC), along with Penn State’s expertise in materials chemistry and
characterization, turbine cooling design, and aerothermal testing. The primary research objective of this collective
effort was to 3D print a functional cooled turbine vane with a SIOC matrix and test it at transonic conditions, then
mature the technology and integrate design tools to create a complex cooled SiIOC CMC vane with reduced
thermomechanical stresses and more uniform temperature. The express goal of this effort was to develop insight into

how AM can enable transformative levels of performance in CMC parts.

~ AM CMC process Thermomechanical
enginering shape optimization
(Dr. Frick) (Dr. Fertig)

Polymer
precursor
development
(Dr. Hickner)

Componen
aerotherm testing
(Dr. Lynch)

Figure 1-1. Overview of project elements to design, engineer, and manufacture AM polymer-derived CMC’s for
turbine vanes, from baseline to thermo-mechanically optimized vane with advanced internal cooling features.
Thermal efficiency of a gas turbine can be achieved by both higher firing temperature and lower coolant
usage for the hot gas path components, but these conflicting requirements are increasingly challenging even for
state-of-the-art superalloy materials. CMC'’s are becoming a popular alternative for hot gas path materials due to
their high temperature tolerance. However, CMC’s have lower damage tolerance than superalloys, and will still need
to be cooled to reach current and projected turbine inlet temperatures. Achieving structurally sound cooling
configurations, particularly three-dimensionally shaped airfoils with small cooling features, is challenging with
conventional CMC manufacturing technologies that require matrix infiltration of a SiC fiber weave. In this
collaborative effort, research tasks that converge to a ceramic vane with optimal material properties and complex

cooling design features that are not currently possible through other manufacturing methods was proposed.



Figure 1-2. Example CMC

The National Energy Technology Laboratory (NETL) University Turbine Systems Research program under
the Department of Energy aims to enhance the thermal efficiency of combined cycle power plants by up to 65%,
with potential benefits including increased efficiency in fossil fuel power generation, emission reduction, and cost
mitigation through enhanced carbon capture technology. Currently, research is focused on increasing operation
temperatures in gas turbine engines to achieve higher efficiencies. However, these efforts require firing temperatures
exceeding 3100°F (1700°C), a considerable challenge given the limitations of modern nickel-based superalloys in
coping with the heightened cooling air demand necessary for part durability. To mitigate this temperature rise,
contemporary cooling technologies necessitate up to 13% of the compressor discharge air solely for the first stage
nozzle guide vane [1], culminating in a cooling-induced efficiency reduction of multiple percent compared to an
uncooled turbine. Research efforts have most recently looked to development of ceramic-based turbine part, which
allow for large increases in operational temperature, on the order of approximately 300°C. In contrast, gas turbine
engines predominantly utilize metals and intermetallic compounds for turbine blades, constrained by material
temperature limits of approximately 1200°C. Integration of ceramics in these engines could elevate permissible
temperatures to around 1500°C, thereby mitigating cooling demands or enabling higher turbine inlet temperatures.
This suggests that aircraft engine efficiencies could be bolstered by 6-8% and power generation turbine efficiencies
by 10-15% [1], [2].

Research presented in this work showcases the feasibility of additively manufacturing complex, shape-
optimized ceramic turbine vanes utilizing polymer-derived ceramics. This unique process enables high-resolution,
rapid and repeatable printing of turbine components yielding fully dense near-net shape parts. Moreover, additive
manufacturing facilitates the creation of novel shapes with optimized thermomechanical properties, potentially
circumventing many of the limitations associated with ceramic manufacturing. This dissertation was focused
specifically on the development of an additive manufacturing methodology for the successful integration of an
geometrically complex SiOC ceramic turbine vane into a CMC testing scheme (Figure 1-2). As summarized in
Figure 1, various groups worked in tandem to achieve project goals. However, the contents herein are focused solely

on the development and printing of a viable SiOC turbine vane.

1.P201| y-bheri ved Cer amics

Pre-ceramic polymers (PCPs) constitute a class of materials that undergo conversion into polymer-derived

ceramics (PDCs) upon exposure to high temperatures via pyrolysis. PDC precursors predominantly consist of



organosilicon compounds featuring silicon-containing backbones. The resulting composition and properties of the
final ceramic system are significantly influenced by precursor chemistry producing ceramic phases including SiC,
SiOC, SiCN, SiCNO, SiBCN, etc [3] [4], [5], [6], [7], [8], [9], [10], [11] [12]. . One obvious benefit of using 3D
printing for PDCs is that resulting ceramics have near theoretical density or lack any meaningful porosity [13] . In
contrast, the structures of more standard sintered ceramics, including 3D printed and traditionally manufactured
ceramics without any additional processing can possess porosities up to 40-65% due to pore development during
sintering and debinding [15]-[18]. In recent years, with growing interest in PDCs the number of PCP feedstocks that
have been introduced in literature has grown, as well as diverse applications [14], [15], [16], [17], [18], [19], [20],
[21].

PCPs can polymerize into solid materials via two mechanisms. The self-crosslinking mechanism of
Polymer-Derived Ceramics (PDCs) at elevated temperatures involves the intramolecular and intermolecular bonding
of polymer chains through chemical reactions, predominantly driven by thermal activation. This process occurs
autonomously within the polymer matrix, without the need for external crosslinking agents. As the temperature
increases, thermal energy imparts sufficient kinetic energy to the polymer chains, promoting their mobility and
facilitating bond formation. Functional groups present on the polymer chains, such as siloxane or organic moieties,
participate in chemical reactions conducive to crosslinking, including condensation and addition reactions. These
reactions lead to the establishment of covalent bonds between adjacent polymer chains, resulting in the formation of
a three-dimensional network structure. The presence of catalytic species, often metal catalysts, can catalyze and
accelerate the crosslinking process, thereby reducing the required temperature and enhancing the efficiency of
crosslink formation [13], [22].

Second, dependent on the functional side-groups of the preceramic polymer chains, PCPs can also be
photopolymerized. Photo-polymerization of preceramic polymers involves initiating and propagating polymerization
reactions using light as the energy source [23]. Typically, this process occurs in the presence of a photoinitiator, a
compound that absorbs light and undergoes a reaction, generating reactive species capable of initiating
polymerization. When preceramic polymers are exposed to light of specific wavelengths, the photoinitiator absorbs
the light energy and undergoes homolytic or heterolytic cleavage, producing radicals or ions. These reactive species
initiate polymerization by reacting with the functional groups (e.g., double carbon bonds bonds) present in the
preceramic polymer chains [24], [25], [26]. As the photo-initiated reaction continues, the silicon-containing
oligomers undergo chain-growth polymerization, leading to the formation of longer polymer chains and crosslinks
between them. This results in the conversion of the preceramic polymer into a crosslinked network structure. The
extent of polymerization and crosslinking can be controlled by adjusting parameters such as light intensity, exposure
time, and the concentration of photoinitiator. Critically, the degree of crosslinking in the green body has a marked
impact on the mechanical properties and structure of the post-pyrolysis final ceramic [27], [28], [29]. Between the
two polymerization methods, the advantage of photo-polymerization lies in its spatial and temporal control, allowing
precise patterning and rapid curing of preceramic polymers. Additionally, it enables the fabrication of complex

structures with high resolution and fidelity.



To convert the PCP into a ceramic, PDCs undergo pyrolysis, or decomposition of their organic components,
leading to the release of gases as a result of heating. This phenomenon is accompanied by mass loss and shrinkage
as the polymer-to-ceramic conversion takes place[29]. At temperatures ranging between 400°C and 600°C [13], [14],
significant volatilization of large, non-crosslinked hydrocarbons and side-chain materials occurs, contributing to
most of the mass loss. As temperatures approach 800°C, cleavage of carbon-hydrogen and silicon-carbon bonds
occurs, resulting in the formation of gases such as H, and CH4. By this stage, the bulk of mass loss and shrinkage
has occurred, potentially leading to cracking or warping of PDC parts due to the release of trapped gases. The
susceptibility to failure through cracking or warping is particularly evident in larger single-entity parts, whereas
thin-walled parts or films exhibit better survivability during pyrolysis. A critical observation by Raj et al. on PDC
samples of varying thicknesses revealed that thinner samples (50 pum) consistently survived pyrolysis across a wide
range of heating rates, whereas thicker samples (approximately 1 mm) required much lower heating rates (below
1°C/min) to reliably pyrolyze without experiencing failure [30]. These findings underscore the critical influence of
heating rate and sample thickness on the pyrolysis behavior and integrity of PDC materials.

While the minimum temperature for pyrolysis initiation is around 800°C, temperatures exceeding 1000°C
are more common. Importantly, at 1000°C most PDCs are amorphous in their structure. PDCs are resistant to
crystallization, and to develop crystallinity, they require heating to much higher temperatures, usually above 1300
°C. Beyond this threshold PDCs undergo crystallization from amorphous ceramics, a crucial phase transition
impacting their structural and mechanical properties. During this process, the amorphous ceramic matrix begins to
transform into a crystalline structure, leading to significant changes in material characteristics. At these elevated
temperatures, atomic rearrangement within the PDC structure promotes the nucleation and growth of crystalline
phases. This transformation involves the alignment of atoms or ions into ordered patterns characteristic of crystalline
materials. The crystallization process is influenced by factors such as composition, heating rate, and thermal history,
which dictate the kinetics and morphology of the resulting crystals [3], [20], [27], [31]. As crystallization progresses,
the PDC experiences alterations in its microstructure, increase density, and different mechanical behavior.
Crystalline phases contribute to enhanced mechanical strength, stiffness, and thermal stability compared to their
amorphous counterparts. Additionally, crystallization can influence other properties such as electrical conductivity,

chemical reactivity, and optical transparency, depending on the specific crystalline phases formed.

1.3 Additive Manufacturing of PDCs

Additive manufacturing of PDCs has garnered considerable interest since its inception in 2016 [23].
Although eclectic approaches to additive manufacturing of ceramics have been introduced, the focus of this
dissertation, and associated work was on vat-photopolymerization of PCP precursors and their pyrolysis into

ceramics. As such, a summary of VPP process(es) within the context of printing PDCs is included here.

1. PP summary

The general print process is as follows: the print head or build plate is suspended from above and immersed
in a pool of liquid resin, (for bottom-up printing) at a precise distance below the bottom of the tray. A laser emitting

light at a specific wavelength, in this work (385nm), is projected onto the build vat membrane. The projection is



determined by slicing software, which varies considerably across different printer models and manufacturers.
Following curing, the print head is retracted a certain distance (Z) from the tray bottom, usually between 10 and
100s of microns. The cured layer separates from the oxygen-permeable membrane of the print tray and adheres to
the print head. Subsequently, the print head is repositioned to a relative z-distance corresponding to the layer height,
and the next layer is cured atop the previous one.

Vat photopolymerization is commonly applied via digital light projection (DLP) or stereolithography
(SLA). These printing methodologies involve the utilization of photopolymerizable resins, which are selectively
cured either via laser-based scanning (SLA) or simultaneous layer-wise exposure using digital light projection
(DLP). In SLA, a laser scans and solidifies a liquid resin locally, while DLP exposes the entire layer to light
projection, enabling its uniform curing. During printing, a print-head is immersed in a reservoir of liquid resin, with
each layer cured sequentially before the print-head advances to the next layer thickness. Although primarily
designed for liquid photopolymerizable feedstock, the inclusion of solid particles in the resin vat facilitates
composite material printing[32]. For most DLP printers, a liquid photopolymer resin is poured into a vat typically
comprised of an optically clear, oxygen-permeable polymer substrate at its base. This substrate, often oxygen-
permeable to prevent inhibition of polymerization reactions by oxygen, minimizes the likelihood of the newly cured
polymer adhering to the vat bottom during printing [33], [34].

Layer adhesion in VPP process(es) requires an inhibition mechanism. For the acrylated resins investigated
in this work, oxygen-inhibition is the mechanism of action. Oxygen inhibition basically refers to the phenomenon
where the presence of oxygen inhibits the curing or polymerization process of certain types of resins. This inhibition
occurs at the surface of the resin where it is exposed to air and diffuses throughout the resin via oxygen-diffusion to
inhibit reaction throughout the part cross-section [35], [36]. This mechanism is necessary to maximize the following:
Inter layer adhesion: Oxygen inhibition is deliberately utilized to prevent full curing of the resin at the very surface
of the printed object. In many cases, especially when printing multi-layered objects, it is essential for the newly
cured layer to adhere properly to the layer beneath it. From VPP printing theory, there must be a small layer of
under-polymerized material at the outer edge of each layer such that the next layer can effectively bond [35] and
with increasing exposure time this thickness of the unpolymerized material is minimalized. Exposure must therefore
be carefully calibrated given the pre-defined constraints of VPP. If the surface of the previous layer fully cures
before the next layer is added, it can hinder the adhesion between layers, leading to delamination or weak bonding.
Within the context of PDCs, this is also a failure point during pyrolysis, where layer delamination between poor-
adhered layers with delaminate at high temperatures, resulting in failed parts. Oxygen inhibition can also be utilized
to improve the resolution and detail of the printed object. By allowing a thin, uncured layer at the surface, it provides
a smoother transition between layers and reduces the visibility of layer lines, resulting in improved surface finish. In
general, the considerations which are of the most important when achieving spatial accuracy in VPP printing
photopolymerizable resins are absorbance, inhibition and interaction with the energy source. Chemical additives are
typically in the form of oxidizers, free-radical scavengers, or UV absorbers to aid in this. When polymerization
occurs without oxygen radicals in an oxygen-inhibited system, or uses a radical scavenger in excess, uncontrolled

reaction is expected. An example of this uncontrolled printing is presented in Figure 2-1. This is an example of a



print failure caused by purging oxygen, allowing the reaction, which was initiated via UV to continue un-inhibited

until the entire vat polymerized.

Figure 1-3. a) DLP printed inside a purge bag with flow of Argon, preventing oxygen from interrupting
polymerization. b-c), overoptimization of lattice cubes due to the lack of oxygen to effectively arrest polymerization.

Printing orientation has been shown to impact printing outcomes as well as mechanical properties. As such,
defining part orientation as a function of print orientation is critical. Figure 1-4 defines two print orientations. First,
bars printed with the lengthwise span of the bar oriented parallel to the print direction, called the Z-orientation.
Second, bars printed with the lengthwise span of the bar oriented perpendicular to the print direction, called the XY-
orientation. It is also common to refer to print orientation as an angle, defined by the angle between the lengthwise

span and the positive-x axis. In other words, an XY bar is referred to as [0°] and an Z bar is referred to as [90°].
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Figure 1-4. Definition of part orientation as a function of printed orientation.

For more complicated geometries, including turbine vanes, the same definition structure applies. Therefore,

parts are defined by the orientation of the longest dimension. To illustrate this point, Figure 1-5 presents both an XY



and a Z-oriented turbine vane, with the lengthwise span of the vane perpendicular and parallel to the build direction,

respectively.
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Figure 1-5. Definition of blade orientation as a function of print orientation.

1. a2 ibr &t iomgWar ki ng Curves

Developing the working curve for Vat Photopolymerization (VPP) printing is a crucial aspect of optimizing
the printing process to achieve desired outcomes in terms of print quality, accuracy, and reliability. This process
involves carefully characterizing the relationship between various printing parameters and their effects on the final
printed objects.

The resin must exhibit appropriate absorbance characteristics that overlap with the wavelength of the
energy source utilized in the printing process. For instance, if the printer employs a 385 nm wavelength laser, the
photoinitiator used should be responsive to that specific wavelength. Likewise, UV absorbers must interact
effectively with the printer's wavelength to be efficacious. For DLP processes, a light dose is administered via the
use of a projected image onto the bottom of vat. The duration and intensity of the exposure is calibrated via a cure
depth-energy dose working curve, as depicted in Figure 1-4. Experimental development of this curve involves
exposing the resin to varying energy doses and measuring the polymerization height of resin exposed at each energy
dose. This results in an augmented cure depth with increasing dosage. Notably, there exists a threshold energy level,
denoted as Ec, below which no curing occurs. This is often called the gelation point. The slope derived from the
semi-logarithmic working curve is termed the depth profile (Dp). The relationship between energy and cure depth is

explicated by Equation 2-1.
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Where Cq is the measured cure depth, Dy is the depth of penetration, Ec is the critical energy, (or the minimal amount
of energy required to initiate polymerization), and E [mJ/ cm?] is total dose. E is a function of exposure, |

[mW/cm?], times total exposure time, t.
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Figure 1-6: VPP resin energy-curing (working curve) generated by measuring the cure-depth at discrete exposure
energies, where D, is the slope of the depth-profile and Ec is the critical energy below which gelation does not occur.

During the printing process, the cure depth can be set to the desired layer height, and this equation can be
leveraged to ascertain the optimal energy dosage to which the resin should be subjected for consistent printing

outcomes.

1.3.3DResi oapment

Developing 3D printable pre-ceramic polymer resins involves various approaches, often categorized into
three types based on the synthesis and processing methods [37]. These types differ in their complexity, starting
materials, and intended applications.

Type 1: Direct Polymerization of Ceramic Precursors via Modification:

In this approach, ceramic precursors are directly polymerized to form pre-ceramic polymers suitable for 3D
printing. This also includes commercially available pre-ceramic precursors such as silanes, polysiloxanes, or
organometallic compounds. This is a lab-driven approach, and requires further chemical processing of the precursor
to graft functional groups to generate reactivity with additional photo-initiators. However, it is noted that
polymerization methods are not limited to photoinitiation and can include step-growth polymerization, and ring-
opening polymerization, depending on the chemical structure of the precursor. Examples include
polydimethylsiloxane (PDMS)-based resins for printing silicon carbide ceramics or acylated siloxanes [23]. The
resulting pre-ceramic polymers should possess suitable rheological properties for 3D printing and be stable during
storage and handling.

Type 2: Modification of Commercial Resins:

This approach is widely applied to additive manufacturing of standard ceramic-reinforced slurries. It
involves modifying commercially available photopolymer resins that act as a sacrificial crosslinker to incorporate
ceramic precursors or ceramic nanoparticles. Specifically, commercial polymers, such as acrylic-based or epoxy-
based photopolymers, are chosen as the base matrix due to their compatibility with VPP processes. These polymers

tend to have rapid reaction times, low viscosity, and are shelf stable. Then, ceramic particles, such as metal oxides,



carbides, or nitrides, are added to the resin formulation to create a resin slurry. This slurry is then printed, and then
heated to debind and sinter the final ceramic part. However, this process also extends to pre-ceramic polymers as
well. For example, some commercially available preceramic polymers, including siloxanes and siloxanes have -ene
groups that can readily react and crosslink with photosensitive resins.

Type 3: Hybrid polymerization

Finally Type III fabrication utilizes a combination of a photocurable pre-ceramic polymer, like in type 2,
and a non-photocurable pre-ceramic polymer of high ceramic yield. In this approach, the unreactive pre-ceramic is
contained within a network polymer formed by the crosslinking agent. These pre-ceramic precursors are partially
constrained by the surrounding network but remain unreacted. Further processing, like the addition of a metallic
catalyst to aid in thermal crosslinking are often used to crosslink the preceramic material prior to pyrolysis. This can
generate parts with very high ceramic yield, depending on crosslinker concentration, but homogenous distribution of
the preceramic polymer, difficult printing and time cost make this process somewhat prohibitive.

Due to the complex nature of developing custom preceramic polymers, we chose to only utilize
commercially available materials that were readily available for use in their un-modified state. We then developed a
custom 3D printable preceramic resin from those off-the-shelf precursors. We further limited selection to only
chemicals that were non-toxic, shelf stable in oxygen, affordable, and available in large volumes via common
chemical distributors (Sigma Aldrich, Gelest, etc.).

All the constituent elements of the resin were utilized in their original, as-received states without
undergoing any modifications. In Figure 1, a schematic representation of the chemical structure for each material
constituent is presented. Vinylmethoxysiloxane, characterized by an average molar mass of 500 g mol-1 and a
density of 1.10 g/cm3, was procured from Gelest (VMM-010). Similarly, Poly(ethyleneglycol)-diacrylate, with an
average molar mass of 258 g mol-1 and a density of 1.11 g/cm3, along with the photoinitiator Irgacure 819 TM
(Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide), and the free radical scavenger Irganox 1330TM (1,3,5-
Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)-benzene), were all acquired from Sigma Aldrich.
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Figure 1-7. Proposed structure of Si-O-C backbone preceramic polymer formed from free-radical polymerization
reaction between VMS and PEGDA. Image here shown is only a visualization, as the length of VMS polymer and
PEGDA chains are much longer, and form a network polymer.



The PDC resin system contained only four constituents: (1) a monomer containing six repeating functional
groups with an -ene structure (referred to as poly(vinylmethoxysiloxane) or VMS); (2) a monomer with two acrylate
functional groups (referred to as Poly(ethyleneglycol)-diacrylate or PEGDA); (3) small quantities of photoinitiator
(Irgacure® 819); and (4) a free radical scavenger (Irganox 1330™), employed in the photopolymerization process
during 3D printing. The two monomers, VMS and PEGDA, were mixed on a shaker table to form a homogenized
translucent mixture. The comparable density and viscosity of VMS and PEGDA facilitated a straightforward mixing
process. The free-radical scavenger and photoinitiator, both soluble in the monomer solution, were incorporated into
the mixture using a shaker table. Systematic preliminary investigations [23] involving variations in both the free-
radical scavenger and photoinitiator, revealed a weight ratio of free-radical scavenger to photoinitiator of 3:7 as
optimal; this ratio resulted in sub-millimeter distinct features for 3D printed structures (Figure 1-7).

The resin formulation used in this study consisted of an initial mixture of the VMS and PEGDA in a 3:2
ratio by mass, respectively. This mixture was combined via a shaker table at 1000 rpm for 30 min. Following initial
mixing, the photoinitiator and free radical scavenger were added at 0.3 and 0.7 wt%, respectively, and mixed for

another 30 min at 1000 rpm

1. Rlesearch ®©bge€halVkesnges

This dissertation leverages the versatility and ease-of-printing of photoreactive polymers and the high-
temperature stability of ceramics, creating 3D printable PDC systems utilizing vat photopolymerization (VPP) that
offer a unique pathway to produce intricate ceramic components with tailored properties for the development and
manufacturing of a viable SiOC/SiC turbine vane with complex, shape-optimized internal cooling. As with 3D
printing of any material, designing a VP printable PDC system remains nontrivial. Specifically, there are tradeoffs
that must be made between making a PDC system 3D printable and achieving acceptable bulk mechanical
properties. Traditionally manufactured PDCs are often cast in molds, which are well-understood and with stable
curing parameters. Conversely, 3D printing is a difficult, time-dependent process requiring precise control over
many variables and necessary modifications to the preceramic polymer systems to facilitate the specific printing
modality. Within the context of producing a turbine vane, this research focused on three specific challenges to 3D

printing a polymer derived ceramic turbine vanes. These research focus(es) are introduced and summarized here.

1.4 mproving Rapefad atblacigéed PDCs

Considering factors such as utility, cost-effectiveness, and complexity, the most prevalent method for 3D
printing Polymer-Derived Ceramics (PDCs) predominantly employs Type II polymerization methodology. In this
approach, readily available materials undergo polymerization in the presence of a photoinitiator, rendering them
suitable for various 3D printing techniques. However, the utilization of sacrificial or non-silicon-containing
crosslinking agents in many Type II studies can result in sub-optimal shrinkage and ceramic yields compared to
Type I processes. Materials explicitly tailored for 3D printing and pyrolysis typically exhibit ceramic yields ranging
from 40% to 80% and shrinkages from 15% to 34% [23], [25], [26], [27], [38], [39], [40]. It's essential to note that

10



the precursor chemistry significantly influences the properties of any developed system and its resultant pyrolyzed

ceramics.

Figure 1-8. Example of small, complex printed PDC’s.

Importantly, because of high shrinkage and considerable mass loss of 3D printed PDCs manufactured via
Type II polymerization, bulk parts are difficult to manufacture. Again, citing work by Raj et al. on PDC samples of
varying thicknesses revealed that thinner samples (50 um) consistently survived pyrolysis across a wide range of
heating rates, whereas thicker samples (approximately 1 mm) required much lower heating rates (below 1°C/min) to
reliably pyrolyze without experiencing failure [30]. For example, Figure 1-8 shows several small-scale parts printed
using the resin system introduced in S € ¢ t i 0 Theselpart8 we printed with sub-mm size struts to minimize
diffusion pathways, allowing for successful pyrolysis.

Literature has also highlighted a direction dependence for AM parts. Regarding mechanical loading
components produced using various additive manufacturing technologies often manifest anisotropic properties
contingent upon the printing orientation. For instance, Torrado et al. reported at a reduction in strength of up to 40%
when printed in the Z-orientation (90°-orientation) compared to the XY-orientation (0°-orientation) for polymers
[41]. This phenomenon is primarily attributed to the formation of air gaps between successive layers during the
deposition process [42]. Addressing the mitigation of mechanical anisotropy in printed polymers has garnered
significant attention, with several studies reporting success through adjustments to printing parameters and post-
processing techniques [53], [54].

Similarly, mechanical anisotropy is also evident in vat photopolymerization printing, albeit its magnitude
varies depending on the resin system under investigation [32], [43], [44], [45]. For instance, Brinckmann et al.
reported a near 50% reduction in strength for printed XY bend bars as compared to Z bend bars [46]. Furthermore,
printing parameters exert substantial influence on these properties. Altering the layer thickness of a component can
lead to variations in its mechanical performance; typically, a decrease in layer thickness results in higher ultimate
tensile strength of polymers [35], [36], [47]. Moreover, it has been demonstrated that post-processing techniques,
such as additional curing under a UV light-source, can mitigate anisotropy in as-printed resins, thereby aligning

mechanical strengths more closely [48], [49].
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To mitigate the influence of decreased yield and poor pyrolysis survival, post-processing methodologies
that can be applied to DLP printed PDCs to maximize ceramic yield and decrease cracking during pyrolysis was
introduced. Specifically, post-processing is introduced to increase cross-linking and eliminate unreacted monomers
and partially reacted oligomers from green bodies to reduce warping and fracture during pyrolysis. This is discussed

in Chapter 2.

1. 4.mproMeée ailgarPi cpér ti eBr oodfuckRDCsvi a AM

While numerous publications have showcased proof of concept and material characterization in developing
various Si-based ceramics via 3D printing, only a handful of studies have delved into mechanical properties beyond
hardness. In literature, hardness measurements are a frequently reported mechanical property of AM ceramics and
are often reported to be comparable to conventional ceramics [50][40], [51]. However mechanical strengths of VPP
PDCs, when reported, tend to be 20-80% lower than traditionally processed ceramics [40], [51], [52], [S3]. To date,
there have yet to be an example of AM PDC’s with mechanical strengths comparable to conventionally
manufactured ceramics. PDCs can produce lower ceramic strengths, lower-than-theoretical densities due to porosity
(interlayer gaps, cracking, and voids), and high shrinkage [23], [54], and are therefore difficult to manufacture
without considerable defects [14], [55], [56]. This is primarily due to the inherent challenges in manufacturing and
testing large monolithic parts. Nonetheless, the limited studies on bending stress have reported a wide range of
ultimate bending stresses, spanning from 1 MPa to 65 MPa when printed in optimal orientations. Currently, there
remains a dearth of research on printing parameter-dependent mechanical properties.

Achieving mechanical characteristics such as strength, toughness, and other pertinent properties akin to
those observed in traditional ceramics within additively manufactured Polymeric-Derived Ceramics (PDCs) presents
a multifaceted challenge [57], [58], This complexity arises due to the layer-by-layer deposition process intrinsic to
3D printing, which introduces potential flaws and variations in microstructure and porosity [55]. These challenges
resonate with broader issues encountered in 3D printed materials, contributing to documented inferior mechanical
properties in 3D printed polymers. For instance, Uzcategui et al. discussed the suboptimal mechanical properties of
acrylate-based resins produced via AM. noting a conversion gradient across discrete layers leading to diminished
average mechanical properties throughout the part [36], as substantiated in existing literature [59], [60]. The authors
engineered a custom light-engine for analyzing reaction kinetics relative to exposure and layer thickness, thereby
elucidating the significance of printing parameters and the impact of working curves, i.e., energy versus cure depth,
on mesoscale mechanical properties of polymers [36], [61].

Beyond printing-related defects, flaws introduced during the pyrolysis process converting preceramic green
bodies into ceramics also play a pivotal role in determining the overall performance and mechanical properties of the
final ceramic product [14], [54], [62]. In extant literature, hardness measurements serve as frequently reported
mechanical properties of AM ceramics and are often documented as comparable to those of conventionally produced
ceramics [50][40], [51]. However, when mechanical strengths of VPP PDCs are reported, they tend to exhibit a 20-
80% reduction compared to traditionally processed ceramics [40], [S1], [52], [53]. To date, examples of AM PDCs
with mechanical strengths commensurate to conventionally manufactured ceramics remain elusive. PDCs are

susceptible to lower ceramic strengths, below-theoretical densities attributable to porosity (e.g., interlayer gaps,
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cracking, and voids), and significant shrinkage [23], [54], Consequently, their manufacture without substantial
defects poses a considerable challenge [14], [55], [56].

A straightforward methodology for establishing optimal printing parameters within the constraints of
commercially available software and hardware is presented in Chapter 3. Specifically, adjustments to the standard
working curve were made to vary print exposure and layer thickness to evaluate their impact on the mechanical
properties of additively manufactured PDC green bodies and the resulting ceramics. Improving ceramic mechanical
properties by optimizing green body preparation, coupled with post-processing shows promise in minimizing or

eliminating the dichotomy between conventional and 3D printed PDCs.

1. 4.mpr ovhienrgma lEl aatwdRriopalrti es of AM PDC

In the field of ceramic manufacturing, there has been notable interest in the potential enhancement or
alteration of thermomechanical properties through the incorporation of graphene additives or processing
methodologies. As Silicon Oxycarbide (SiOC) ceramics and similar materials gain prominence for high-temperature
engineering applications, the enhancement of thermal performance remains a key focus. Ceramics, due to their high-
temperature resistance and chemical inertness, are increasingly attractive for utilization in gas-turbine engines. In the
development of turbine vanes, ceramics with high chemical inertness coupled with enhanced thermal conductivity
offer advantages, particularly in improving coolant performance. There is a growing demand to produce
geometrically intricate, near-net-shape ceramic blades and vanes with enhanced thermal properties. The electrical
and thermal properties of ceramics have been modified via the addition of very small amounts of conductive fillers
like graphene [63], [64], [65], [66]. Guo, e t repolted an almost 40% increase in thermal conductivity of 3D
printed graphene-enriched silicon carbide with only 0.1wt% graphene and reported a 10x increase in electrical
conductivity for the same increase in wt% graphene [63]. Saleem, e t eahinced thermal conductivity over 50% in
a Silicon nitride ceramic by adding 2 wt% graphene nanoparticles during preparation [67].

However, despite graphene's potential to enhance targeted thermal or electrical properties, its integration
into materials has been shown to adversely affect mechanical strengths, significantly diminishing measured
properties compared to unreinforced materials [63], [68]. For example, literature has shown that for an increase in
carbon content, namely free carbon, there is a corresponding decrease in the hardness and Young’s modulus of
silicon ceramics [69]. Specifically, for VPP methodologies, increasing the volume fraction of fillers, including
graphene, has an inverse relationship with mechanical properties. These issues generally stem from poor suspension,
resulting in settling and print failures [70]. Increasing solid loadings also contribute to light attenuation and
absorbance [71], which can contribute to delamination and failure of the printed body [55]. Poor conditions for
photo-initiated printing caused by light attenuation and absorbance also leads to poor green body conversion, which
contributes to a weaker ceramic [28], [29]. To combat this, improved suspension and stabilization of graphene or
other additives [70], [72] in VPP resins has been utilized. Palaganas, et al., introduced a covalent functionalized
graphene oxide that demonstrated improved homogenization in VPP resins that led to improved mechanical
properties [73]. Ramirez-Soria, et al., also demonstrated improved suspension as a function of microwave assisted

functionalization of graphene oxides, resulting in enhanced compatibility within the cured parts [74]. Further, print
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parameters for highly UV-absorbent resins require careful calibration to maximize mechanical properties of the final
parts.

In Chapter 4, the influence of various graphene additives on bulk-printed Polymer-Derived Ceramic (PDC)
composites using a commercially available digital-light-projection (DLP) printer is presented. The impact of amine-
functionalized graphene on suspension within preceramic resins, as well as its effects on printing and pyrolysis
outcomes of resultant ceramics is discussed. Furthermore, the effects of incorporating these functionalized graphene
powders on electrical, thermal, and mechanical properties is explored. Crucially, the optimization of print
parameters for graphene-enriched preceramic resins to preserve high ceramic mechanical properties despite

increased graphene content is demonstrated, while simultaneously enhancing electrical and thermal properties.
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CHAPTER 2. ENHANCING MANUFACTURABILITY OF AM POLYMER-DERIVED CERAMICS

Based on a paper which is under review in the Journal of the European Ceramic Society.

Jason C. Young?, Stephan A. Brinckmann?, Andrew Fox?, Ray S. Fertig 1112, Stephen P. Lynch?, Carl P. Frick'

22 Lntroducti on

Efficiency improvements of aircraft propulsion and land-based power generation applications with gas
turbine engines are driven by high operational temperatures in the engine that demand high temperature-resistance
and chemically inert materials [1], [2], for which ceramics are particularly well suited. As such, development of
existing and novel ceramic manufacturing technologies has grown to meet the demand for their unique capabilities.
Concurrently, as additive manufacturing (AM) has grown in popularity, the 3D printing of ceramics and their
precursors has matured to provide a solution for manufacturing challenges that plague traditional ceramics. These
challenges include difficulty of machining brittle ceramics, achieving fully-dense ceramics, and producing
acceptable mechanical properties, especially for geometrically complicated parts [3], [4], [5], [6], [7].

Within this vein, vat photopolymerization (VP) commonly via stereolithography (SLA) or digital light projection
(DLP), has been employed to manufacture ceramic materials from a variety of precursors. Many of these rely on
slurries, which are comprised of ceramic-particle loaded resins for use in photopolymerizable AM systems. The use
of these slurries with AM allowed for the manufacture of net-shape or near-net shape ceramic materials that were
impossible to cast or press. This innovation dramatically expanded the range of applications available to ceramic
materials. However, despite the potential of slurries to generate complex parts, there are considerable trade-offs. For
example, ceramic slurries often require dispersants to maximize ceramic loading and aid rheology optimization to
make them printable. [8] Because VP utilizes photopolymerizable systems, high ceramic loadings result in issues
with light absorbance caused by scattering and settling [9], [10], [11]. Therefore, the maximum ceramic loading in
most ceramic-particle slurries, depending on the specific absorbance of the ceramic material, is limited to
approximately 40-60% [10], [12]. Perhaps most critically to AM of ceramics, structural damage to resultant parts is
explicitly system dependent, as the pyrolysis of necessary additives in printing inks leads to large shrinkage [13],
[14], [15]. Much of the research performed in the last decade on AM of ceramic materials has been targeted as
improving manufacturing outcomes and decreasing defect density of 3D printed ceramics in effort to achieve parity
with traditional methods. For a comprehensive summary of the state-of-the-art in AM of ceramics, see reviews on
the topic[3], [14], [16], [17], [18], [19], [20], [21].

VP of polymer-derived ceramics (PDC) is becoming a popular research focus due to the potential for novel
shape generation. Although PDCs themselves are not novel and have been widely used for decades, recent research
has focused on tailoring and developing PDC technology for use in 3D printing. PDCs provide a broad class of
material precursors to serve as feedstocks, offering diverse properties and applications [3], [22], [23], [24],

[251,[26], [27], [28], [29], [301], [31], [321], [33], [34], [35]. This wealth of potential feedstocks and material diversity
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is a unique benefit of PDCs, as it offers potential to tailor-make many resin systems that are potentially compatible
with 3D printing. Eckel et al. contributed to the recent advancement of printable PDCs in 2016 [5] by introducing a
photo-active siloxane-based polymer chemistry for use in stereolithography printers, precluding the need for
powders or slurries. They were able to print and subsequently polymerize flaw-free SiOC ceramic parts via this
process and characterize them [36], giving the impetus for other research groups to iterate on their methods. Further
research performed by Brinckmann et al. [37] proposed incorporating ceramic particle reinforcements into a
siloxane-based preceramic polymer system for VP. They added SiC whiskers (0.5 wt%), which reduced shrinkage of
the final amorphous SiOC PDC system from 42 to 37% and increased printability without further resin
modifications. Other research has produced PDCs from diverse materials. For example, Li et al. [38], have reported
printing of different ceramic-containing backbones such as acrylic monomers with polyborosilazanes to produce
lattice-structured SiBCN. This is a rapidly evolving field, and within the past decade, publications in this space have
grown from 3 per year in 2018 to over 50 a year. In part, this is because parts manufactured from PDCs offer
advantages over those manufactured from powders and slurries, including high density, superior surface finish with
minimal processing, moderate manufacturing time, low cost, and limited need for extensive processing like polymer
infiltration and pyrolysis (PIP). These qualities lend themselves well to 3D printing by providing excellent control
over dimensionality in highly complex parts [24], [38], [39], [40], [41], [42].

As with 3D printing of any material, designing a VP printable PDC system remains nontrivial. Specifically,
there are tradeoffs that must be made between making a PDC system 3D printable and achieving acceptable bulk
mechanical properties. Traditionally manufactured PDCs are often cast in molds, which are well-understood and
with stable curing parameters. Conversely, 3D printing is a difficult, time-dependent process requiring precise
control over many variables and necessary modifications to the preceramic polymer systems to facilitate the specific
printing modality. For example, as with any vat-photopolymerizable system, the preceramic polymer requires
photosensitive moieties, as introduced by Eckel et al. [5], [36]. This is because few commercially available
preceramic polymers are naturally photoreactive and thus require the use of photoreactive additives to achieve
printability. Unlike traditional casting of PDCs, 3D printing PDCs also require tighter control over reaction rates and
evolution to control printing geometries. Consequently, organic polymeric crosslinkers such as acrylics that are
photosensitive with rapid reaction times, or UV absorbers, are necessary additives to achieve reasonable print times
[5], [43]. Also, unlike mold cast PDCs, VP relies on free-radical inhibition to arrest polymerization reactions so that
only areas exposed to UV are cured, allowing one to print layer-by-layer, as opposed to a continuous reaction. This
is integral to producing micron-level resolution. Modifying preceramic systems to make them 3D printable has
potential consequences, which negatively impact the quality of final ceramic parts. Some of these are inherent to
conventionally manufactured PDCs, including high shrinkage during pyrolysis, but are magnified by 3D printing
processes. For example, high shrinkage during pyrolysis is possible due to decomposition of side groups that are
required to photo cure the as-printed part [5], [44]. Consequently, 3D printed PDCs can produce lower ceramic
strengths, lower-than-theoretical densities due to porosity (interlayer gaps, cracking, and voids), and high shrinkage,
and are therefore difficult to manufacture without considerable defects [22]. Essentially, the additives that are

necessary to make green parts via 3D printing often adversely affect pyrolysis outcomes in post-processing or
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require much slower pyrolysis rates to prevent damage [25]. This has historically resulted in size constraints and low
part survival of PDCs for larger scale applications. As part size increases, so do the impacts of organic additives
decomposing during pyrolysis [45], including crack formation during pyrolysis [45], [46], limiting most part sizes to
sub-millimeter levels [5], [25], [47], [48]. Xiong, et. al. recently demonstrated crack-free dense monolithic parts
with much thicker cross-sections than previously produced via VP [49]. However, larger, application-driven parts
remain difficult to manufacture.

The focus of this study is to enhance the manufacturability, yield and mechanical properties of SiOC PDC
ceramics parts using VP technology. This is accomplished by taking green parts produced via VP and modifying
both post-processing processes and resin constituent ratios to produce parts optimized for pyrolysis success.
Critically, this work shows that process-specific post-processing removes unreacted resin constituents that are
inevitable bi-products of VP, and more specifically PDCs. This study further shows that the targeted removal of sol
from green bodies via methodical post-processing reduces instances of damage, including cracking, warping, and
anisotropic shrinkage in final ceramic parts. It is demonstrated that utilization of these post-processing methods
allows for larger, complex monoliths to be produced in a reliable and repeatable manner. Also, UV post-curing
combined with removal of sol increases density and improves mechanical properties and yield, while maximizing
part survival. The methods developed in this work have potential to be widely applied to polymer green bodies to

improve pyrolysis survivability and are therefore broadly applicable to AM polymer-derived ceramics.
2. Materials and Characterization

22. 1 Materials

All base materials were used in their as-received conditions without further modification. Figure 1 shows a
schematic of the chemical structure for each material constituent. Vinylmethoxysiloxane with an average molar mass
of 500 g mol™! and density of 1.10 g cm® was purchased from Gelest (VMM-010). Poly(ethyleneglycol)-diacrylate
with an average molar mass of 258 g mol™! and density of 1.11 g cm?, photoinitiator Irgacure1819 (Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide, and free radical scavenger Irganox 1330TM(1,3,5-Trimethyl-2,4,6-
tris(3,5-di-tert-butyl-4-hydroxybenzyl)-benzene) were all purchased from Sigma Aldrich.
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Figure 2-1. The chemical structures of the materials used to create the 3D printing resins. Vinylmethoxysiloxane
(VMS) and poly(ethylene glycol)diacrylate [average M, 250] (PEGDA) are utilized as the pre-ceramic polymer
backbone and crosslinker, whereas Irgacure 819 and Irganox 1330 are used as a photoinitiator and free-radical
scavenger, respectively.

32.2 Resin Formulati on

Fabrication of the base resin was made up of four constituents: (1) an —ene containing monomer with an
average of six functional groups (poly(vinylmethoxysiloxane) referred to as VMS; (2) a monomer with 2 acrylate
functional groups (Poly(ethyleneglycol)-diacrylate referred to as PEGDA; (3) comparatively small amounts of
photoinitiator (Irgacure® 819), and (4) free radical scavenger (Irganox 1330™) utilized for the photopolymerization
process during 3D printing. The two monomers, VMS and PEGDA, were mixed via shaker table into a translucent
mixture. The density and viscosity of both VMS and PEGDA are similar, allowing for a straightforward mixing
process. The free-radical scavenger and photoinitiator were both soluble in the monomer solution and were
combined with the mixture on a shaker table. Systematic preliminary investigations varying both the free-radical
scavenger and photoinitiator led to a ratio of free-radical scavenger to photoinitiator ratio of 3:7 by mass; this ratio
resulted in sub-mm distinct features for 3D printed structures.

The resin formulation used in this study consisted of an initial mixture of the VMS and PEGDA in a 3:2
ratio by mass, respectively. This mixture was combined via a shaker table at 1000 rpm for 30 min. Following initial
mixing, the photoinitiator and free radical scavenger were added at 0.3 and 0.7 wt%,respectively, and mixed for

another 30 min at 1000 rpm.

2.3 3D FPri@reéeamy Bodi es

The resin mixture was printed on an Asiga Pico2HD (Alexandria, Australia) digital light processing (DLP)
printer using a 385 nm wavelength UV light. To ensure proper curing during printing, the resin energy-curing curve
was characterized, and an energy-curing curve was generated, Figure 2a. To calibrate the energy-curing (E-C) curve,
liquid resin was exposed to a range of energy doses ranging from 30 mW/cm? to 3000mW/cm? These energy doses
produced curing depths of 0.05 mm at 1 second of total exposure to 1.9 mm at 100 seconds. The data was then used

as an internal calibration for the printer to control print depth.
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Figure 2-2. a) Energy-curing curve used to characterize the polymerization of the pre-ceramic resin and control
printer polymerization characteristics. b) schematic diagram of DLP printing with examples of an XY-oriented print
and a Z-oriented print at a given layer height, LH.

In this study, rectangular prismatic bars were printed and subjected to different post processing techniques.
Specifically, rectangular 3-point bend green parts with dimensions of 5x5x40 mm were printed with a consistent
layer step thickness of 50 um. Polymer green bodies were printed in two different orientations: (1) printed with the
lengthwise span of the bar oriented perpendicular to the print direction, called the Z-orientation; (2) with the
lengthwise span parallel to the print direction, called XY-orientation. A visual illustrating these orientations is shown
in Figure 2b. After printing, parts were cleaned using isopropanol to remove the residual uncured resin on the
surface. The final parts were compared closely to CAD generated models and measured to be within 0.5% in all

dimensions regardless of print orientation.

22 PloPtr ocesfsi Bgeen Bodi es

To investigate the influence of different post-processing methodologies on the ceramic yield, survival, and
mechanical properties of PDC parts printed, a standardized approach was developed. Specifically, four unique post-
processing techniques were each applied to 20 XY-printed green bodies produced accordingto Se ¢ t i @en 2 .
process, before pyrolysis. Each of the four processes A-D are described here:

P r o c ePsosess Aserved as a control, with no additional post-processing after printing. Green parts
were removed from the printer, cleaned in an isopropanol bath, and subsequently pyrolyzed.

P r o c eParss prdduced using Process B were removed from the printer, cleaned in an isopropanol bath,
and subsequently post-cured in a UV enclave under a 20W UV lamp (Quans High Power UV LED light) with a
wavelength of 385 nm for 20 min.

P r o c ePars prdduced using Process C were removed from the printer, cleaned in an isopropanol bath,
and placed in a UV enclave for 20 minutes. Parts were then submerged in a toluene bath for 24 hours. The purpose

of this bath was to swell the green body and diffuse out unreacted polymeric constituents inherent to free-radical
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inhibited printing processes. Following this bath, parts were removed from the bath and allowed to dry for 2 hours in
a vacuum oven at 50°C.

P r o c eRarss prdduced using Process D were removed from the printer, cleaned in an isopropanol bath,
and placed in a UV enclave for 20 minutes. Parts were then transferred to an inert oven and heated to 250°C and
held isothermally for 5 hours. This isothermal hold is the approximate temperature at which VMS thermally
polymerizes and was done to increase total part crosslinking whilst simultaneously diffusing out unreacted material
[37]. Diffused material was collected downstream of the tube furnace and analyzed via FTIR to determine the

qualitative composition of exhausted material.

22. 5 PyafolBrsacsessed Parts

All polymer green bodies produced and processed via each technique A-D, were pyrolyzed using the same
procedure. Thermogravimetric analysis (TGA) was performed on a TA Instruments SDT Q600 simultaneous thermal
analyzer to understand the polymer-to-ceramics conversion. The experiments were conducted from room
temperature to 1200°C at a ramping rate of 20°C min™' and isothermal hold at 300 and 500°C for 15 min at each
temperature under a constant flow of argon (99.999% purity) at a rate of 100 mL min™'. Pyrolysis of the preceramic
polymers was carried out in a Thermo Fisher Lindberg Blue M (Waltham, MA, USA) tube furnace under a similar
controlled flow of argon. The heating profile was determined from initial TGA of the resin. The furnace was heated
from room temperature to 500°C at a rate of 1°C min"'. To ensure a complete reaction, this temperature remained
constant for 1 h before increasing to a maximum of 1200°C at 1°C min"!. The maximum temperature remained
isothermal for 1 h before cooling at a rate of 2°C min™! from 1200 to 200°C to avoid cracking due to thermal shock.
This procedure was developed from previous research efforts [37], [50]. After pyrolysis, parts were evaluated for
pyrolysis survival. A part is defined as successful if no surface cracks are visible, parts are not broken, or

experiences warpage no greater than +5%, as compared to CAD models.

22. 6 Ceramic Characterizati on

Ceramic yield and shrinkage were calculated by measuring the mass and outer dimensions of the polymer
and ceramic immediately before and after pyrolysis for all processes. Shrinkage measurements were averaged over
20 samples in three perpendicular directions for each processing technique, however, percent shrinkage was
measured to be isotropic, and directional shrinkage values were averaged. Ceramic yield and shrinkage were
calculated using Equation (1) and (2), respectively. Mass used for calculated ceramic yield was the mass of green
body immediately prior to pyrolysis for each process.

AOINéawmaRwidQl ddQw (2.2)
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To measure shrinkage, rectangular samples initially measuring 5x5x40 mm? were 3D printed and
subsequently pyrolyzed. The resulting ceramic shapes were then compared against the lengths of the green polymers

immediately before pyrolysis.
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The density of the final ceramics was determined via Archimedes principle using a Density Determination
Kit (A&D Weighing). Where the mass of the ceramic in air and in water was measured and the density was

determined via Equation (3).

00 | Qb a iR Qi (2.3)
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Vickers hardness of the ceramics was measured using a Buehler Mircomet II digital microhardness indenter
(Lake Bluff, Illinois, USA). Indents were loaded to 1 kg for a dwell period of 10 s and Vickers hardness was
calculated by the indenter internally by relating the corner-to-corner distance of the indents to the applied load.
Mechanical 3-point bend strength of ceramic parts was also performed. An ADMET Series 6211 Universal tester
(Norwood, Massachusetts, USA) equipped with 3-point bend fixtures were used for all mechanical testing. Ceramic
bars manufactured via each processing technique were loaded to failure in 3-point bend at a crosshead rate of (0.05
mm/min) to failure. All tested samples fractured between 1 and 3 minutes, under quasi-static conditions. Stress-
displacement results for each process were subsequently compared.

Scanning electron microscopy (SEM) was performed on a Quanta FEG 450 FESEM (FEI, Hillsboro, OR,
USA) equipped with an energy dispersive x-ray analysis system (EDS) coupled with an Inca EDS (Oxford
Instruments plc, Abingdon, UK) for elemental analysis. All samples imaged via SEM were coated with carbon by
sputter deposition on a Cressington 208C carbon coater (Cressington Scientific Instruments Ltd, Watford, UK) to

avoid charging and to increase the signal to noise ratio.

Fourier-transform infrared spectroscopy (FTIR) was performed to investigate and identify bonds of the unreacted
polymer. Samples were subjected to an exposure time of 2s using a polygon system affixed with a 405 nm
wavelength laser. FTIR spectra of these polymers were acquired within 400-4000cm™' on an FTIR GladiATR
instrument (PIKE Technologies, Perkin-Elmer, USA).

2. Resul ts

23. 1 CeramiS®uryvieval and

Green parts were subject to four separate post-processing techniques to investigate their influence on
mechanical performance, part survival, and ceramic yield of ceramic parts produced utilizing each of the respective
processes A-D, see Figure 3. Process A served as a control group, with no additional processing beyond printing and
pyrolysis. Parts printed and pyrolyzed following Process A exhibited an average ceramic yield of 28+4%, the lowest
measured among all for processes. These parts had an average isotropic shrinkage of 42+3%. However, these parts

did exhibit high rates of survival post pyrolysis, 95%.
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Figure 2-3. Four separate post-processing techniques were investigated in this study. A), printed green bodies were
left unprocessed, and were pyrolyzed to a ceramic at 1050°C. B), printed green bodies were UV-cured for 20
minutes and then treated in an inert oven at 250°C for 5 hours, followed by normal pyrolysis at 1050°C to the final
ceramic. C), printed green bodies were UV-cured for 20 minutes and then soaked in an agitated toluene bath for 24
hours, followed by normal pyrolysis at 1050°C to the final ceramic. D), printed green bodies were UV-cured for 20
minutes with no other post-processing, followed by normal pyrolysis at 1050°C to the final ceramic.

Parts printed and pyrolyzed following Process B exhibited higher average ceramic yield of 414+3%,and
shrinkage of 35+7%. These parts showed an increase in ceramic yield of approximately 13%, as compared to
process A, but parts processed via this method failed with significant instances of cracking and fracture, with an
average pyrolysis survival rate of only 40%.

The purpose of the toluene bath in Process C was to swell the green body and diffuse out unreacted
material inherent to free-radical processes. Parts printed and pyrolyzed following this process showed an average
ceramic yield of 53+4%, nearly double that observed in Process A. These parts showed isotropic shrinkage of
374+2%, with an average survival rate of 95%. Soaking the green bodies in toluene after UV post-curing showed the

highest ceramic conversion of 53+4%, as measured by the final ceramic mass, while maintaining high probability of
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survival. Unreacted material diffused out during this solvent soaking step was collected and analyzed using FTIR; a
representative measurement is shown in Figure 4. The FTIR spectra were only used to qualitatively estimate the
composition of material diffused out of the part. The major observed peaks corresponded to characteristic groups:
C—H stretching band 2947 to 2872 cm™! ; C=0 stretching band peak at 1725 cm™ ; C=C from the vinyl group in
VMS at 1636 cm™ ; the summation of acrylate C=C and CHj; appears at 1407 cm™!; Si-O—C peak at 1063 cm™ ; Si—
C peak at 809 cm™’. All these bonds are present in the resin system before polymerization and show that unreacted

polymer monomers were diffused out of the green bodies during this step.
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Figure 2-4. FTIR of material that was diffused out of green body during heating in an inert tube furnace at 250°C for
5 hours (black), and of material diffused out of green body after an agitated toluene soak for 24 hours (blue). All the
indicated bonds are present in the resin system before polymerization, and results indicate that unreacted polymers
from green parts diffused out during the(se) step(s).

Parts printed and pyrolyzed following Process D, which included an intermediate heat treatment at 250°C,
exhibited an average ceramic yield of 52+2%, shrinkage of 36+3%, and an average survival rate of 97%. The
isothermal hold was performed to increase cross-linking and evaporate out unreacted material. Unreacted material
diffused out during this intermediate heating step was collected and analyzed using FTIR; again, a representative
measurement is shown in Figure 4. Like in Process C, all shown bonds are present in the resin system before
polymerization, and therefore demonstrated that unreacted material was diffused out of the green body during this
step. Some portion of the evaporated sol was likely exhausted with the Argon as it passed through the furnace and

therefore FTIR spectra only produces a qualitative view of exhausted constituents.

23. 2 Cer amias %urFwincali on of Part Si ze

Tangential to the pyrolysis survival of ceramic parts printed and post-processed via process A-D, Figure Sa
plots the survival of parts post-pyrolysis as a function of part size. A part is successful if no fracture, obvious
surface cracks, or warpage is observed (see Figure 5b for visual examples). Any part that is observed to warp or

contain any surface cracks or voids was considered failed. Square prism bars with a consistent length of 40 mm were
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printed with varying sized square ends, ranging from 0.5 mm square to 10 mm square, as depicted in the figure and

processed and pyrolyzed according to each distinct processing technique A-D.
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Figure 2-5. Probability of pyrolysis survival (%) as a function of 3D printed green part size. Survival is defined as
final ceramic part with no visible cracks, fracture or warpage. Survival of ceramic parts decreases as the cross
section of the green part increases. Survival is also dramatically improved for UV cured parts if soaked in toluene or
intermediately heated.

At the smallest size, nearly all parts pyrolyzed successfully with almost no visible defects. This is
consistent for most small PDC parts [51], [52]. Defects primarily caused by trapped organics during the ceramic
conversion process contribute to larger parts failing. At small scales (< 500 pm) pyrolysis is largely successful [25].
For larger part sizes, greater than 2x2mm? cross sections, all processing techniques experienced a measured drop in
part survival. The greatest drop in survival was observed for Process B, with fewer than 15% parts surviving for the
largest print size.

Process A had high relative survival rates for all part sizes, with nearly 100% survival for parts less than 2
mm, 92% at 4 mm, 88% at 5 mm and 52% at 10 mm. Process B had the largest drop in survival for parts larger than
0.5mm, with the lowest survival measured for 100 mm parts at only 12%. Results showed that introducing a UV
curing step, with no other processing before pyrolysis (Process B) results in high rates of surface cracking and
significant warping. However, the use of an intermediate step, like heating at 250°C or soaking in toluene as in
processes C&D, increases the average survival rate of parts to roughly par with untreated parts. Process C,
performed similarly to Process A as a function of survival with 100% survival for part sizes below 1 mm and 96%,
88%, 84%, and 48% survival for the 2-, 4-, 5-, and 10-mm sizes, respectively. Parts produced via Process D had the
highest survival rates amongst all tested processes, especially at large cross-sections; with 100% survival rate for

parts up to 2mm, and 96%, 90%, and 72% for 4-, 5-, and 10-mm sizes, respectively.

23. 3 Microstructure

Maximum pyrolysis temperature for parts produced in this work was 1050°C, low enough that
crystallization of the ceramic part was not expected[44], [53]. Therefore, scattered X-rays detected via XRD of the

resulting ceramics showed no atomic periodicity, consistent with other amorphous ceramic materials, and it was
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therefore concluded that the ceramic is composed of mostly amorphous SiOC (Figure 6a). The microscopy
displayed in Figure 6b&c shows the ceramic fabricated through pyrolysis at multiple magnifications, where limited

visible porosity or cracking is observed on the surface of the ceramic parts.
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Figure 2-6. XRD of the SiOC ceramic a) and SEM of carbon coated SiOC b) showing no obvious porosity c).

234Mechani cal Resul ts

Despite the variability in survival rates among different post-processing procedures, Vickers hardness of the
SiOC ceramics were similar. Table 1 tabulates the measured hardness of ceramic parts produced with each
processing method. Parts produced using Process A, which were not post-processed with UV, had a slightly lower
measured hardness at 7.1+0.3 GPa, as compared to approximately 7.5 GPa for other processes. Hardness
measurements were taken both on the XY and Z planes of ceramic bars, and hardness values showed no directional

dependence.

Table 2-1. Vicker’s Hardness of 3:4 VMS:PEGDA ceramic bars with different post-processing treatments. A
reference indentation is included here.

Process Vicker’s Hardness
(GPa)
7.1+0.3
7.5+0.2
7.41+0.2
7.46+0.5

O 0O m >

Figure 7 summarizes the results of 3-point bend tests of ceramic bars manufactured using processes A-D, all
samples showed linear-elastic loading with no yield behavior. Figure 7a plots representative stress-displacement
curves of ceramic bars for each processing technique. Process A yielded the weakest parts, loading to approximately
25.1 MPa at a displacement of 0.11mm. Processes B-D were stiffer, and loaded to higher stress and similar
displacement at failure, loading to 52 MPa at 0.13mm for process B, 57 MPa at 0.11mm for C, and to 58 MPa at

0.125mm for process D. Figure 7b summarizes the flexural strengths of ceramics manufactured via each process.
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Again, process A produced parts with the lowest average strength, 25.143 MPa. Process B, C and D produced parts
with comparable strengths, at 52.0+£8, 56.7+4, and 58.4+£3.6, respectively.
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Figure 2-7. a), Representative stress-displacement of ceramic bars subject 3-point bend for different processing
techniques. The stiffness and strength of ceramic bars are improved for all processes that include a UV-curing step.
b), Average ultimate bending strength of ceramic bars loaded in 3-point bend for all processing techniques used in

this study.
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Brinckmann, et.al. [50] highlighted a measurable directional anisotropy for AM SiOC ceramic parts as a

function of print orientation . Those results were replicated here, Figure 8a & Figure 8c. Ceramic parts printed via

Process A with an XY-orientation were considerably weaker than parts printed in the Z-orientation for constant layer

thickness. On average, XY-oriented parts loaded to a maximum stress of 15 MPa at a displacement of 0.06mm,

while Z-oriented parts loaded to an average bending stress of 31 MPa at 0.085mm. Interestingly, utilizing post

processing techniques discussed in this work; specifically Process C eliminated observed mechanical anisotropy, see

Figure 8b & Figure 8c. On average, XY-oriented parts loaded to a maximum stress of 52 MPa at a displacement of

0.08mm, while Z-oriented parts loaded to an average bending stress of 54 MPa at 0.085mm.
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Figure 2-8. a), Representative stress-displacement plots of ceramic bars subject to 3-point bend tests without any
processing (process A). Note the lower bending strength of xy-oriented ceramic bars. b), Representative stress-
displacement plots of ceramic bars prepared using process C and subject to 3-point bend tests. ¢), Average ultimate
3-point bending strength of untreated (Process A) and treated (Process C) ceramic bars.
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23. 5 Experimental Applications

Figure 9 presents an example image of monolithic ceramic turbine vanes printed via VP using the resin
developed in this work. In Figure 9a a monolithic first stage turbine vane 3D printed via the resin system and post-
processing methodology developed in this work is seen. This vane integrated transpiration cooling holes on the vane
surface and internal shape-optimized cooling structure internal to the part. Demonstrated by the successful printing
of these complex geometries, like this representative turbine vane, VP of these PDC ceramic parts can produce
geometrically complicated ceramic parts that cannot be generated via traditional methods. Figure 9b depicts the
fixture that sandwiched the ceramic vane for testing in a transonic linear cascade test facility. The facility was
capable of providing internal cooling flow to test airfoils and measuring the resulting airfoil external temperature, to
obtain cooling efficiency measurements of vanes printed using the processes developed in this work. Figure 9c is a
representative infrared (IR) thermal image of the ceramic vane assembly during testing. Work by Fox et al., showed
for 3D printed ceramic vanes, the low thermal conductivity relative to metals resulted in lower cooling effectiveness
(higher outer surface temperatures) as expected, but critically required less coolant flow to maintain acceptable
temperature performance [2]. Furthermore, novel internal cooling geometries enabled by 3D printing were shown to

significantly increase cooling effectiveness of ceramic vanes.

a)

Figure 2-9. a), An image of ceramic blade geometry printed using process C; b), CMC vane cascade experimental
setup; c), Thermal image of ceramic vane in testing cascade.

2. BDi scussion

24 . Plrinting Calibration

Printing parameters were optimized to dose UV, as outlined in Section 2, to minimize over-polymerization
and maintain high geometric fidelity. Successful VP printing necessitates good control of spatial features, which
inherently requires a polymer reaction that can initiate/arrest rapidly to control dimensionality and allow for a small
unpolymerized surface to aid in bonding subsequent layers; but this is unlikely to be optimal for good pyrolysis
outcomes [54], [55]. Critically, this process requires balance: maximizing green body crosslinking for good ceramic
conversion and mechanical properties against maintaining acceptable printability and balance tolerance via radical
inhibition [56], [57].

VP of any resin system requires precise control over resin composition. The resin composition discussed in

S e c t i wanisystBmatally varied and ultimately 3:2 VMS:PEGDA by mass was selected deliberately to
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maximize printability and ceramic yield. Because VMS is a silicon-backbone polymer, VMS was favored to produce
a material with higher ceramic yield due to higher Si content. However, due to the higher reaction rate of PEGDA, it
was anticipated that an appreciable concentration of acrylates would bond to other acrylates rather than vinyl groups.
Despite this, the rate of reaction of acrylates contributed to rapid and controllable 3D printing. VP also relies on
careful calibration of the E-C curve, Figure 2. Increasing the UV dose during printing increases the crosslinking in
the green part but causes post-curing in cured layers and can result in failed prints via reduced print accuracy,
distortion, overcure and bonding to the build tray [58]. Conversely, underdosing UV produces parts with low
crosslink density and poor mechanical properties, producing scaffolds that are not self-supporting. To maximize both
printability and mechanical properties, careful calibration of printing parameters is required [55]. Furthermore, it is

likely that some post-processing is necessary for good part outcomes.

24 .PDbsRrocessing

Inhibition-controlled printing, which is integral to the start-stop printing process of VP printing, can result
in lower green body crosslinking density. Consequently, 3D printed PDCs via VP can produce lower ceramic
strengths, lower-than-theoretical densities due to porosity, high shrinkage due to non-contributing acrylic side
groups, and can be difficult to manufacture large parts without considerable defects [22][59]. These low densities are
present during pyrolysis because outgassing pressures counteract densification. The rate of release of volatilizing
gasses, including unreacted material and organic / inorganic gasses, are controlled by pyrolysis conditions, rates of
heating and geometry of parts [45]. Due to this phenomenon, modifications to PDC chemistry, as well as the
inclusion of active and inactive fillers and loadings have been produced in the literature [16],[37], [50],[45]. These
challenges have historically resulted in size constraints and low part survival of PDCs for larger scale applications.
Generally, PDC parts have been limited in size to parts with a maximum wall thickness less than 1 mm and require
slow pyrolysis rates to prevent cracking and warping.

One path to improve ceramic yield in these parts is to increase the crosslink density in the green body [46].
Although simple in principle, increasing the crosslink density in 3D printed green bodies can be challenging. For
example, simply increasing UV dose during printing, although likely to produce a more crosslinked part, can result
in overcure, low spatial tolerance or even layer delamination during printing [56]. Incremental improvements to
ceramic parts produced via this technology can be made by optimizing printing settings, but VP printing of PDCs
likely requires further processing to be successful. To that end, this study introduced and evaluated four (processes
A-D) simple, systematic post-processing methodologies to enhance the manufacturability and yield of SiOC PDC
ceramics parts produced via VP. Post-processing techniques described in this work (Figure 3) demonstrated an
influence over yield and pyrolysis success, as well as overcoming some of the challenges associated with VP of
PDCs.

Process A, which served as the control, had no additional post processing beyond printing and parts were
immediately pyrolyzed at 1050°C for 24 hours. For tested parts, they exhibited high part survival for small test parts
at 95%, with considerable linear shrinkage of 42% and a ceramic yield of 28%. This is somewhat representative of
VP printed PDCs insofar as they exhibit: high shrinkage due to considerable outgassing during pyrolysis, low yield

and low strengths due to the necessary inclusion of acrylic side chains resulting in sub-par ceramic conversion, low
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relative crosslinking for good spatial printing control [25], [37]. These parts survived consistently in part because
test specimens had small cross sections (Smm x Smm) but mechanical strengths were low, with flexural strengths at
approximately 25.1+3 MPa. To address these specific issues, additional post-processing methodologies were applied
to green bodies prepared via VP.

Process B involved placing green bodies in an UV enclave for 20 minutes at a wavelength of 380 nm,
followed by immediate pyrolysis, which produced parts with improved yield and strength over process A, but with a
significant drop in part survival. Specifically, UV post-cure in an enclave increased yield by approximately 13%
with a 2x increase in strength from 25.1+3 MPa to 52+8 MPa. This increase in yield and strength is partly due to the
post-cure in an UV enclave after printing. It is understood that the retroversion reaction undergone during pyrolysis
competes with the presence of the crosslinked structure. Therefore, constraining the flexibility of the green body via
increasing the crosslink density resulted in a higher ceramic yield [46], [60], [61].

Notwithstanding, this processing severely inhibited survival with an approximate 40% survival for
pyrolyzed parts. This represents a significant decrease in survival over uncured parts, compared to process A. The
rationale for this is related to how the green bodies were post processed. Because the green parts are opaque after
polymerizing, the UV light likely only penetrates a fraction of the part’s surface [62], [63], [64], [65]. The UV
exposure propagates the crosslinking reaction at the surface, increasing the crosslinking density of the part locally. It
is therefore assumed that some gradient of cure is present after UV curing in the enclave, with higher crosslinking
near the part surface. An increase in polymer crosslink density at the surface of the part, which is a direct
consequence of subjecting the parts to a UV enclave, might limit the ability of volatilizing chemicals, including
organics, methane, unreacted VMS or PEGDA, hydrogen, from diffusing out of the body during pyrolysis [25], [66].
This is supported by the marked decrease in part survival during pyrolysis, reported at 40% for test bars. It should be
noted that the typical failures for these bars were large cracks at the surface, or deep cracks that fractured the parts
probably due to higher outgassing pressures caused by diffusing gasses trapped by the relatively tighter crosslinking
at the surface of the body. Despite this, however, there is still a marked increase in ceramic yield and strength for
parts which survived. It appears that a simple UV post-cure is critical for this system to increase ceramic yield,
decrease total shrinkage, and maximize mechanical performance. However, further processing appeared to be
necessary to mitigate additional pyrolysis pressures introduced by this post-curing step.

Process C combined the same UV curing step from Process B and further processed bars by submerging
them in a toluene bath for 24 hours to aid in the removal of unreacted material and improve pyrolysis survival. This
process demonstrated improved yield and strength equivalent to process B whilst increasing survival probability of
test bars to above 95%. This process also showed an increased yield at 53%, an increase of about 25%. Additionally,
the solvent bath showed that unreacted material leached from the green body prior to pyrolysis. After drying, mass-
loss of 8-17% was observed, as compared to as-printed parts, but these parts maintained pre-soaked dimensions,
suggesting that the removed material was not contributing to the structure of the green part. FTIR spectra confirmed
that the solvent bath removed resin constituents from green body, including VMS and the crosslinker PEGDA [54].
This suggested that the toluene soak pulled sol out of green body before pyrolysis, lowering the total outgassing

burden during pyrolysis. This demonstrates that with minimal processing, some of the major challenges of
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producing PDCs via VP, namely low ceramic yield and survival, at least in part can be overcome. This post-
processing also showed that the removal of sol from the green body via a simple solvent bath significantly lowered
incidents of cracking/warping, evidenced by the marked increase in survival of test bars, while maintaining the
improved mechanical strength seen in samples that were only UV post-cured.

Process D combined the UV curing step from Process B with a low-temperature isothermal heating step to
aid in the controlled expulsion of unreacted material, as well as enabling thermal crosslinking of green bodies before
ramping to pyrolysis temperatures. This process produced parts with higher ceramic yield of up to 53%, while
maintaining acceptable survival of 97%, comparable to process C. The use of an intermediate heating step, with a
long isothermal hold ramped from ambient to 250°C at a rate of 0.5°C/min for 5 hours, was shown to improve
pyrolysis survival. In part, this isothermal hold likely increased green-body crosslink density, as further polymer
crosslinking occurs from 200°- 400° for VMS [3]. Again, the capability of a polymer to further crosslink at low
temperatures throttles the retroversion reaction by limiting the splitting out of oligomers from the green body [46].
Furthermore, some mass-loss of approximately 12% was observed at the thermal crosslinking step at 250°C, where
some material diffuses out of the polymer system, with limited change in part geometry, that is, no significant
shrinkage was observed at low temperatures [45], [46]. FTIR spectra of exhausted material after heating green
bodies to 250°C for 5 hours is presented in Figure 4. The FTIR revealed that the diffused material contained
qualitatively measurable amounts of unreacted VMS and PEDGA. These spectra provide a qualitative view of
exhausted material as only material that was heavy enough to condense and be collected in the tube furnace could be
analyzed via FTIR, and other small molecular weight polymer or gas was exhausted with the Argon purge flow.
These results indicated that some unreacted material that did not contribute to the crosslinked structure was expelled
during this step. Unreacted constituents have been identified in literature as a possible source of damage in PDCs
during heating, potentially causing higher local stresses during pyrolysis resulting in cracking and contributing to
porosity [67]. The critical observation here is that post-processing was necessary for the removal of unreacted
material inherent to DLP processes, including low molecular weight polymers that were not thoroughly crosslinked
within the green body, unreacted side groups or acrylates, and other sol that do not contribute to the final ceramic
part. Failure to do this resulted in lower ceramic yield, high instances of cracking/failure, and lower measured

ceramic strengths.

24. 3 Size Effect on Pyrolysis Outcomes

It is generally expected that increasing cross sectional area will increase the amount of porosity, the pore
sizes, or both, because it increases the diffusion path of volatiles produced in pyrolysis.[25], [45]. Figure 5a partially
illustrates this point, showing a decrease in pyrolysis survival for larger cross-section ceramic bars. Small parts, with
cross sectional area smaller than 1 mm? had a near perfect survival. As such, PDCs are commonly used in small-
scale applications (e.g., MEMs) or thin films due to the tendency for good pyrolysis outcomes for small parts [25],
[68]. Interestingly, bars processed via Process B had dramatically decreased survival across all tested sizes. It was
hypothesized that the increased crosslinking at the surface from UV post-curing impeded diffusion of volatilizing
gases during pyrolysis, increasing instances of cracking and warping. This trend is erased when further processing,

either an isothermal hold at 250° or solvent bath, is utilized (see Process C&D), further suggesting that removal of
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unreacted material improves pyrolysis success at all tested sizes [45]. Processing techniques evaluated in this work
showed improved pyrolysis survival for thick-walled 3D printed PDC parts. Further research is needed to improve

or maximize printability and manufacturability of large-scale 3D printed PDCs.

24. 4 Mechanical Properties

Hardness did not vary on the surface of ceramic parts, irrespective of position or processing method (Table
1). Despite this parity, a wider distribution of strengths was measured for difference processing methodologies in
ceramic bars printed in the same direction, Figure 7. The loading span in a 3-point bend test is larger than a Vickers
indenter, and therefore better captures what is likely a broader distribution of flaw sizes. Process A exhibiting
average strengths of 25.1+3 MPa compared to parts with more post processing (Process C&D). The mechanical
performance, as measured by bending strength, of parts produced via process A was low. Again, it is apparent that
without post processing to increase green body crosslink density and to remove sol, the final ceramic part suffers.
Flaws, possibly induced by pores or cracks within the structure produced during pyrolysis influenced ceramic
properties.

Process B produces parts with high average strengths (52 MPa), comparable to Process(es) C & D,
however the average survival of parts from Process B was much lower, as shown in Figure 4. Parts that survived
pyrolysis, approximately 45%, performed on par with other post-processed samples but experienced cracking /
warping far more often than further processed bars. There was a broader uncertainty on strength measured for this
process; 50+8 MPa for Process B vs. 56.7+4 MPa, and 58.4+3.6 MPa for Processes C&D, respectively. It appears
that UV curing in an enclave is critical to curing green bodies and raising the mechanical strength of the final
ceramic part and has been noted in other works [10]. Increasing the crosslink density of the green part resulted in
higher yield and a stronger ceramic, on average. This was expected as the flexibility of the green part is constrained
by the higher crosslinking in the part, resulting in higher ceramic yield, and subsequently higher strengths [46].
However, failure to perform processing steps to remove unreacted material after post-cure resulted in poor
manufacturing survival. Low molecular weight polymers that do not crosslink within the green part, which would
otherwise diffuse through the part during heating, are impeded from diffusing out of the green part, resulting in high
stresses and cracking. Critically, these two processes, UV post-cure and intermediate processing to remove
unreacted material, need to be combined to produce a strong part that is likely to survive pyrolysis, which is
observed for both steps that remove sol (processes C & D). These results show an increase in mechanical properties
of PDC parts produced via VP technology [50], [55]. Mechanical strengths of parts produced in this work are
comparable to other 3D printed ceramics in literature, with flexural or compressive strengths reportedly between 10-

200 MPa [22], [69], [70].

24. 4.1 Orientation Dependence on Print Direction

In a recent work, Brinckmann, et. al., demonstrated an orientation dependence for SiOC PDCs produced
via DLP [50]. It was shown that anisotropic mechanical properties, namely strength, were dependent on printing
orientation. Brinckmann, et. al., hypothesized that the print orientation of green parts influenced the pyrolysis

outcomes for ceramic parts. It was observed that parts printed in the XY plane experienced more instances of
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warping and cracking, as well as much lower reported strengths than parts printed in the Z plane. The rationale for
this observation was that print layer interfaces provided a means for volatilizing gases to escape, reducing defects in
the final part, thus favoring Z prints with more layers and a shorter mean free path for escaping gas [71].

In this work, the directional anisotropy of these SIOC PDCs were reproduced in Figure 8. However, in Figure 8.b
directional anisotropy in these ceramics was eliminated by utilizing the post-processing methodology presented in
this work. The removal of unreacted material in green parts prior to pyrolysis and additional post-print curing
appeared to improve both pyrolysis outcomes as well as eliminating observed mechanical anisotropies. This is most
likely due to the removal of unreacted material, decreasing the total mass loss during pyrolysis via volatilized gases
[71]. Despite these improvements over unprocessed 3D printed PDC parts, ceramic properties here are lower than
some traditionally manufactured SiOC ceramic parts, with some flexural strengths reportedly between above 200
MPa or higher [3], [72]. More attention and research are needed here to evaluate AM PDC parts, reinforcements and

other processes to achieve performance comparable to traditional parts.

24 .5 ExpeAppneinctaatli ons

Using these post-processing methods, much larger 3D printed PDC monoliths are printable than in previous
works. Highlighted in Figure 9, this work demonstrates this process’s ability to generate full-scale, dimensionally
complex turbine blades. This is somewhat uncharacteristic for PDC parts, as these parts successfully printed at larger
sizes than typical [25], [66]. Further, post-processing can allow for consistent manufacturability while maintaining
complex geometry within tolerance (+1%), allowing for reliable fitment into experimental cascades [37], [S0].
Furthermore, the improved mechanical strengths shown in test bars also indicated an increase in survival of parts

during loading into experimental testing in a linear cascade.

2. Boncl usi on

This work demonstrates that optimal post-processing can improve the manufacturability of 3D printed PDC
ceramics, overcoming some of the common weaknesses of PDCs, namely part size and manufacturing constraints,
and expanding the potential for VP printing of PDC ceramics and composites. Printing PDCs has been challenging
because they require modifications to traditional PDC systems to make them printable via VP. Specifically, a
fundamental element of DLP is inhibition of radicals, to control printing dimensions, resulting in unreacted material
trapped in green bodies. Trapped resin in the green body and volatilizing gases during pyrolysis results in low part
integrity and higher instances of fracture. This leads to cracking and warping during pyrolysis and lower measured
ceramic yield and mechanical strength. Post-curing samples with UV to attempt further polymerization
unfortunately still results in poor pyrolysis outcomes and low repeatability due to increased outgassing stresses in
pyrolysis. To reconcile this, post-processing procedures which involve the maximization of crosslinking and
simultaneous removal of unreacted material prior to pyrolysis were introduced. 3D printed polymer bars using
optimized printing parameters were manufactured, cured in an UV enclave and unreacted material were removed via
two processes: an agitated toluene bath, which swelled parts and diffused out unreacted resin, and via an
intermediate heat step below pyrolysis temperatures to diffuse unreacted resin out of system. Simple test bars

subjected to this post-processing resulted in higher pyrolysis survival, >95% as compared to untreated bars, 40%.
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Treated bars also displayed superior mechanical strength and yield, flexural strength of 56.7+4MPa and ceramic

yield of 53%, compared to untreated bars with an average strength of 25.1+3 MPa and low ceramic yield of 28%.

Processing techniques applied in this work produced a geometrically complex turbine vane with optimized

transpiration cooling and shape-optimized internal cooling; overcoming geometric limitations attributed to PDC

parts. Further, the vanes produced demonstrated acceptable mechanical strength, were repeatably manufactured, and

maintained geometric tolerance. These results demonstrate the potential of VP printing of PDC ceramics to be

incorporated into larger engineering applications due to the enhanced properties and manufacturability afforded by

the processing techniques discussed herein. Finally, the general methods developed in this work have potential to be

widely applicable to post-processing of other AM polymer-derived ceramic systems to improve pyrolysis

survivability and yield and are therefore broadly applicable to ceramic manufacturing.
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CHAPTER 3. EXPOSURE INFLUENCE ON MECHAINCAL PROPERTIES OF PDC SiOC

Based on a paper which is under review in the Journal of the European Ceramic Society.

Jason C. Young?, Stephan A. Brinckmann?, Ray S. Fertig 1112, Stephen P. Lynch?, Carl P. Frick®

3. Lntroducti on

Recently, researchers have attempted to leverage the versatility and ease-of-printing of photoreactive
polymers and the high-temperature stability of ceramics, creating 3D printable PDC systems utilizing vat
photopolymerization (VPP) that offer a unique pathway to produce intricate ceramic components with tailored
properties for applications in various industries [1-8]. The use of VPP technologies allows these systems to be
tailored via the inclusion of inactive and active fillers, reinforcements, and different preceramic resins. Since this
concept was introduced in 2016 [9] , there have been dozens of papers published within the stereolithography (SLA)
and digital-light projection (DLP) VPP additive polymer-derived ceramic space, see reviews on AM of PDCs and
traditional PDCs [10—15]. Contemporary efforts continue to develop approaches to 3D print PDCs from a growing
list of preceramic precursors [16-21].

A notable challenge of additively manufactured polymer-derived ceramics is the inherent discrepancy in
mechanical properties when compared to traditionally manufactured ceramics and PDCs [3,10]. Achieving
comparable strength, toughness, and other mechanical characteristics in additively manufactured PDCs poses a
complex task, as the layer-by-layer deposition process inherent to 3D printing introduce potential flaws and
variations in microstructure and porosity [22]. These challenges echo broader issues encountered in 3D printed
materials, contributing to reported lower mechanical properties in 3D printed polymers. For example, Uzcategui, et.
al, discuss the sub-optimal mechanical properties of AM acrylate-based SLA resins and measured a conversion
gradient through discrete layers that results in lower average mechanical properties through the part [23], which
have been demonstrated in literature [24,25]. The authors developed a custom light-engine to analyze the reaction
kinetics as a function of exposure and layer thickness on the mechanical properties of acrylic resins and highlighted
the importance of printing parameters, and the influence of working curves, or energy vs. cure depth, on mesoscale
mechanical properties of polymers [23,26]. Extending beyond just printing-related defects, defects introduced during
the pyrolysis of preceramic green bodies into ceramics are also linked to the overall performance and mechanical
properties of the final ceramic product [12,27,28]. In literature, hardness measurements are a frequently reported
mechanical property of AM ceramics and are often listed to be comparable to conventional ceramics [29][2,11].
However mechanical strengths of VPP PDCs, when reported, tend to be 20-80% lower than traditionally processed
ceramics [2,11,30,31]. To date, the authors have yet to find an example of AM PDC’s with mechanical strengths
comparable to conventionally manufactured ceramics. PDCs can produce lower ceramic strengths, lower-than-
theoretical densities due to porosity (interlayer gaps, cracking, and voids), and high shrinkage [9,28], and are

therefore difficult to manufacture without considerable defects [12,22,32].

! Colorado School of Mines, Mechanical Engineering Department, Golden, CO, USA
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Methods of addressing and minimizing these discrepancies are still being developed and are essential to
bridging the gap between the mechanical properties of additively manufactured PDCs and their conventionally
produced counterparts, ensuring that the former can meet the rigorous standards demanded by industrial
applications. For example, work has been done to reduce shrinkage [16] and increase yield for PDCs. Lacellee t ., a |
highlighted the potential of VPP to produce industrial-scale parts, but highlighted the present state of geometric and
strength limitations [33]. Limitations including print-orientation dependence as a function of printing methodology
and low reported mechanical strengths have been cited [34]. We recently demonstrated that targeted post-processing
of AM PDCs to remove unreacted oligomers left over after printing and post-curing allowed for the reliable
manufacturing of larger parts (~40-100 mm), highlighted later in this text. Additional research groups, like Xionge t .
a .| [35] have developed PDC resin systems with larger-size-scale printability, on the order of several mm wall
thicknesses. However, despite advances in these areas, literature still reports low mechanical strengths, ranging
between 25-60MPa.

Within the context of AM PDCs, the influence of printing parameters, processing, and post-processing of
green bodies and their impact on the subsequent ceramic part performance is part of ongoing research efforts. The
focus of the present work is to investigate the mechanical properties of SiOC PDC ceramic parts as a function of
printing parameters using commercially available VPP hardware. This was accomplished by systematically varying
print exposure and layer and evaluating the mechanical performance of the resultant green bodies and ceramics. It
was hypothesized that maximizing ceramic yield and mechanical properties is achieved through increased polymer
crosslinking PDC green bodies, via increased exposure beyond a baseline working curve. It was further
hypothesized that reducing layer thickness would contribute to more consistent parts, translating to better ceramics
post-pyrolysis. While some recent research has explored the mechanical properties of polymers produced via VPP
utilizing complex custom-built light engines, this study focused on a straightforward methodology for establishing
optimal printing parameters within the constraints of commercially available software and hardware. Specifically,
adjustments to the standard working curve were made to vary print exposure and layer thickness, aiming to discern
their impact on the mechanical properties of additively manufactured PDC green bodies and the resulting ceramics.
Recognizing the limited control over additive hardware and the impracticality of custom light engine development
for this investigation, we suspect that further fine-tuning and optimization could enhance printing properties.
Improving ceramic mechanical properties by optimizing green body preparation, coupled with post-processing

shows promise in significantly improving mechanical properties of 3D printed PDCs.
3. Materials and Met hods

32 . Mat er& &losx mul ati on

All the constituent elements of the resin were utilized in their original, as-received states without
undergoing any modifications. In Figure 1, a schematic representation of the chemical structure for each material
constituent is presented. Vinylmethoxysiloxane, characterized by an average molar mass of 500 g mol™!' and a
density of 1.10 g/cm?, was procured from Gelest (VMM-010). Similarly, Poly(ethyleneglycol)-diacrylate, with an

average molar mass of 258 g mol™! and a density of 1.11 g/cm?, along with the photoinitiator Irgacure 819 ™
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(Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide), and the free radical scavenger Irganox 1330™ (1,3,5-
Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)-benzene), were all acquired from Sigma Aldrich.

o
o‘ ° ,“
o
Poly(ethelyne glycol)
diacrylate
(PEGDA)

[
/fsw—o—vﬁvo—’}sr\

OCH; \ OCH; /y OCH;

OCH; / (’ \ OCH

Vinylmethoxysiloxane

(VMS) Printed Green Body Pyrolyzed Body
+

@ 1050°C

Photoinitiator & :
Free-Radical Scavenger| DLP Printing

Figure 3-1. a), The chemical structures of the materials used to create the 3D printing resins. Vinylmethoxysiloxane
(VMS) and poly(ethylene glycol)diacrylate (PEGDA) are utilized as the pre-ceramic polymer backbone and
crosslinker, whereas Irgacure 819 ™ and Irganox 1330 ™ are used as a photoinitiator and free-radical scavenger,
respectively. b-d), A simplified flow of the DLP printing process for the given PDC system.

The PDC resin system contained only four constituents: (1) a monomer containing six repeating functional
groups with an -ene structure (referred to as poly(vinylmethoxysiloxane) or VMS); (2) a monomer with two acrylate
functional groups (referred to as Poly(ethyleneglycol)-diacrylate or PEGDA); (3) small quantities of photoinitiator
(Irgacure® 819); and (4) a free radical scavenger (Irganox 1330™), employed in the photopolymerization process
during 3D printing. The two monomers, VMS and PEGDA, were mixed on a shaker table to form a homogenized
translucent mixture. The comparable density and viscosity of VMS and PEGDA facilitated a straightforward mixing
process. The free-radical scavenger and photoinitiator, both soluble in the monomer solution, were incorporated into
the mixture using a shaker table. Systematic preliminary investigations [16] involving variations in both the free-
radical scavenger and photoinitiator, revealed a weight ratio of free-radical scavenger to photoinitiator of 3:7 as
optimal; this ratio resulted in sub-millimeter distinct features for 3D printed structures.

The resin formulation used in this study consisted of an initial mixture of the VMS and PEGDA in a 3:2
ratio by mass, respectively. This mixture was combined via a shaker table at 1000 rpm for 30 min. Following initial
mixing, the photoinitiator and free radical scavenger were added at 0.3 and 0.7 wt%, respectively, and mixed for

another 30 min at 1000 rpm.

32. 2 3D Printing Calibration

All parts produced for this study were printed on an Asiga Pico2HD (Alexandria, Australia) digital light
processing DLP printer using a 385 nm wavelength UV light. To establish a baseline for curing, the resin energy-
curing (E-C) curve was characterized, and a reference level E-C curve was generated according to the following

relationship in EQ (1).

& 0 WEO O (3.2)
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Where Cq is the measured cure depth, Dy is the depth of penetration, Ec is the critical energy, (or the
minimal amount of energy required to initiate polymerization), and E [mJ/ cm?] is total dose. E is a function of
exposure, | [mW/cm?], times total exposure time, t. The working curve or E-C curve was calibrated by exposing
liquid resin to increasing energy doses from 30 mW/cm? to 3000mW/cm? These energy doses produced curing
depths of 0.04 mm at 1 second of total exposure to 1.8 mm at 100 seconds. The data was then used as the baseline

calibration for the printer to control print depth, Figure 2.

05F

Polymerization Height [mm]
1

1 1 |
10" 102
Energy Dose [mJ / cm2]

-
o
w

Figure 3-2. Energy-curing curve used to characterize the polymerization of the pre-ceramic resin and control printer
polymerization characteristics. The data was used as an internal calibration for the printer to control print depth.

32. 2 Printing Green Bodies

To investigate the influence of exposure and layer thickness on the mechanical performance of pre-ceramic
polymer and ceramic parts printed in a commercial DLP printer, exposure and layer thickness were systematically
varied and parts were evaluated and compared. Polymer test specimens were printed at 10 pm, 25 um, 50 pm, 100
pum, and 150 pm layer heights using the working curve presented in Figure 2 as a baseline. The baseline exposure
time at each discrete layer height was set according to the relationship in EQ (1), and the dwell time was then
systematically increased by increments of 10% until consistent overcure and layer delamination were observed and
decreased in 10% increments until parts lacked sufficient mechanical strength to support their weight. In other
words, these curves have the same E. (intercept) but the exposure was scaled accordingly, which adjusted dwell time
at each layer of the print.

Mechanical test bars were produced for each layer thickness at each set exposure profile. Bars printed at
different dwell profiles were defined as a percentage of the baseline working curve. For example, a bar printed with
20% higher dwell than baseline at a 25 um layer thickness would be designated *25 pm — [120%]’ in the results.
Polymer green bodies were printed in one, consistent orientation: the lengthwise span of the bar was oriented
perpendicular to the print direction, called the Z-orientation. After printing, a process described in our previous work
was used [Young et al., 2024]. Green bodies were rinsed in isopropanol to remove the residual uncured resin on the

surface and placed in a UV oven for 20 minutes. Green bodies were then placed in an agitated toluene solvent bath
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for 5 hours, to diffuse out unreacted material trapped in the polymer. Parts were then removed from the solvent bath,
dried, and either mechanically tested, or immediately pyrolyzed into a ceramic. Micrometer measurements of the
final ceramics were compared to CAD generated models and measured to be within 0.5% in all dimensions

regardless of print orientation.

32. 3 Pyrodhygsiactaenmd zation

Thermogravimetric analysis (TGA) was performed on a TA Instruments SDT Q600 simultaneous thermal
analyzer (New Castle, DE, USA) to understand the polymer-to-ceramics conversion. The tests ramped from room
temperature to 1200°C at a rate of 20°C min™! and isothermal hold at 300 and 500°C for 15 min under a constant
flow of UHP argon (99.999% purity) at a rate of 100 mL min"!,

Pyrolysis of printed preceramic polymer parts was carried out in a Lindberg/Blue M (Riverside, MI, USA)
tube furnace under a constant flow of UHP argon (99.999% purity) at a rate of approximately 100 mL min™!. The
heating profile for pyrolysis was determined from initial TGA of the resin. The tube furnace was heated from
ambient temperature to 500°C at a rate of 1°C min™'. To ensure a complete reaction, and to prevent cracking due to
rapid heating, the furnace held 500°C isotherm for 1 h before ramping to a maximum temperature of 1100°C at 1°C
min!. The maximum temperature remained isothermal for 1 h before cooling at a rate of 2°C min! from 1100 to
200°C to avoid cracking due to thermal shock. This procedure was developed in previous work to maximize part
survival [7,16,34].

The density of the final ceramics was determined via Archimedes principle using a Density Determination
Kit (A&D Weighing). Scanning electron microscopy (SEM) was performed on a Quanta FEG 450 FESEM (FEI,
Hillsboro, OR, USA) equipped with an energy dispersive x-ray analysis system (EDS) coupled with Inca EDS
software (Oxford Instruments plc, Abingdon, UK) for elemental analysis. All samples imaged via SEM were coated
with carbon by sputter deposition on a Cressington 208C carbon coater (Cressington Scientific Instruments Ltd,
Watford, UK) to avoid charging and to increase the signal to noise ratio. Fourier-transform infrared spectroscopy
(FTIR) was performed to investigate and identify bonds of the polymer. Samples were subjected to an exposure time
of 2s using a polygon system affixed with a 405 nm wavelength laser. FTIR spectra of these polymers were acquired
within 400-4000cm™' on an FTIR GladiATR instrument (PIKE Technologies, Perkin-Elmer, USA). X-ray diffraction
analysis (XRD) was performed on an Panalytical X’Pert PRO MPD XRD (Malvern, Worcestershire, UK) to

investigate the crystallinity of resultant ceramics.

32. 4 MecTeanii Gagt @afdi e s

Twenty type-IV dog bone tensile specimens with gage dimensions (5x27.5x3 mm) were printed according
to section 2.2 for each respective energy dose and layer thickness. Mechanical tensile analysis was performed on
green parts to failure. An ADMET Series 6211 Universal tester (Norwood, Massachusetts, USA) equipped with self-
tightening tensile grips was used for testing polymer parts. Green bodies were loaded to failure in tension at a
crosshead rate of 0.02mm/min. All tested samples fractured under quasi-static conditions. An MTS LX 500 laser
extensometer (Eden Prairie, MN, USA) was synchronized with the load frame and used to measure strain in the

gauge section of each sample. Stress-strain results for all tested parts were compared. Modulus was measured in the
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linear elastic region of the stress-strain curve and ultimate tensile stress was measured as the maximum engineering

stress measured during loading.

325Me c h a e <tail Gegr aoshi c

Twenty 3-point bend specimens (5x5x50mm) were printed and pyrolysis according to section(s) 2.2 & 2.3
for each respective exposure and layer thickness. Mechanical 3-point bend tests were performed on ceramic parts to
failure. An ADMET Series 6211 Universal tester (Norwood, Massachusetts, USA) equipped with a 3-point bend
fixture was used for testing ceramic parts. The ceramic parts were loaded to failure at a crosshead rate of
(0.05mm/min). All tested samples fractured between 1 and 3 minutes, under quasi-static conditions. Stress-
displacement results for each process were subsequently analyzed and bending strengths was reported as the

maximum stress measured during loading.

3. Resul ts

The total exposure per layer for parts printed at each selected layer thickness and subsequent parts were
evaluated and compared. Figure 3 presents the range of printable dwell times as a function of a set Z-layer depth, or
step size, according to the baseline developed in Figure 2. It is noted that the working curve is calibrated
independently of layer height and was used to calculate exposure to estimate polymerization depth for a given layer
height. Dwell time was systematically varied in 10% increments at set layer height until repeated printing failure
was observed to extrapolate the regime of possible printing. The red x’s in Figure 3a illustrate a successfully printed
green body. The incremental changes in exposure tested in this study up to the upper and lower printable boundaries
for printing at each layer thickness. The maximum printable exposure time at all tested layer thicknesses was
approximately 140% of the baseline calibration, and minimum printable exposure time was found to be
approximately 60% for all tested layer thicknesses. In other words, successful printing was possible within £40% of
baseline dwell time, as defined by the working curve. This is represented graphically in Figure 3a as the green
shaded region. For example, for a Z-layer thickness of 100 um, baseline exposure time per layer is 0.79s. However,
for this system, successful prints are possible with dwell times of £40% of that baseline time. We note that
depending on an individual resin system’s sensitivity to UV, the allowable deviation from a baseline calibration can

vary, the plotted exposure profiles are calibrated for the resin system investigated in this work..
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Figure 3-3. a), Scaled E-C curve to increase or decrease the dwell time to investigate printing outcomes. The current
pre-ceramic resin profile has a printability range of £40% of dwell time at a given layer step height, tested in 10%
increments (red x’s). Illustration of energy dose on part survival and dimensionality: b), example of overcured
sample, layers over-cure and do not adhere to subsequent layer or build plate and spatial tolerance suffers, resulting
in a failed print; c), example of acceptable energy dose(s) to achieve good part dimensions and adequate material
strength; d), when laser energy is under dosed, green bodies are not self-supporting and collapse.

Printing outside these limits resulted in failure, where failure is defined as incomplete, unrepeatable prints.
Typical print failures are illustrated in the graphic included in Figure 3b-d. Increasing dwell time above the
calculated baseline results in increased conversion in the green part due to longer exposure. This has some
advantages, such as improved green body mechanical properties, and for the resultant ceramic, a potential increase
in yield as the crosslinked network in the green body resists the retroversion reaction, or mass-loss during pyrolysis
[5,36,37]. However, increasing exposure beyond 40% above baseline for this system resulted in print failures,

including layer delamination, excessive overcure of layers, poor spatial tolerance, and support failure (Figure 3b).
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Here, dark blue layers represent an overcured region, with overcure in the X-Y plane and significant
delamination failures, also presented in the image of a failed turbine vane printed at 145% dwell. From VPP printing
theory, there must be a small layer of under-polymerized material at the outer edge of each layer such that the next
layer can effectively bond [38] and with increasing exposure time this thickness of the unpolymerized material is
minimalized. Exposure must therefore be carefully calibrated given the pre-defined constraints of VPP. Furthermore,
total exposure has a significant impact on dimensional accuracy of green bodies, where overcure can prevent the
fine-feature resolution [39]. However, printing within the acceptable printable limits, as defined by a baseline
calibration, results in acceptable spatial tolerance, repeatable printing, and limited overcure (Figure 3c). Again,
printing within £40% of baseline dwell time resulted in acceptable quality and dimensional accuracy. This is
represented graphically in Figure 3a as the green shaded region, within which printing was expected to be
successful. Decreasing dwell times below baseline resulted in soft, compliant parts, with lower conversion. Lower
dwell times aid in printing of fine features where overcure is undesirable: for example, small channels, capillaries, or
fine lattice structures. However, within the context of PDC green bodies, low crosslinking can negatively impact
pyrolysis outcomes, like low ceramic yield and conversion, and large shrinkage. Furthermore, excessively low dwell
times will result in under-cured parts and print failure. These failures present commonly as parts that collapse under
their own weight, or poor support adhesion, Figure 3d. In the figure, light blue layers represent an under-cured

region (<60%), with poor layer adhesion and a collapsed, unstable part structure.

33.2 FTI R Results

FTIR was employed to measure the changes in bonds within the polymer structure as a function of print
exposure. Figure 4 shows FTIR spectra for representative polymer green bodies printed at 50 um layer thickness at
baseline, 60% baseline and 140% baseline dwell. The observed peaks for all spectra correspond to characteristic
functional groups (Figure 4a): C-H band from (2842 to 2948 cm™'); C=0 band peak at 1727 cm™!; C=C present in the
vinyl group in VMS at 1637 cm’!; acrylate groups C=C and CHj3 at 1407 cm™'; Si-O-Si peak measured at 1191 cm™';
Si-O-C peak at 1081 cm™'; Si-C peak(s) at 968 cm™!. These bonds are present in the base resin system before printing
and polymerization. For this specific system, the VMS contains a Si-O-C backbone which is crosslinked by the
acrylate PEGDA through C=C bonds via active acrylate bonds. Due to their reaction rates, photoiniated acrylate
systems are highly desirable in VPP, as they rapidly cure with a high rate of conversion [40,41]. Qualitatively, the
C=C intensity on FTIR spectra is a measure of conversion of the resin in 3D printed parts. Critically, the C=C peak
at 1637 cm’! is diminished for the higher exposure, 140% baseline, and is higher for 60% baseline. Therefore, given

this qualitative relationship, a higher conversion is assumed in parts with higher exposure.

49



a)0-3_|""|""|""|""|""|"_b)0-04_----|----|----| ]
[ FTIR Comparison Q ] [ 50um - [140%)] 1]
[ 1400 0 ] s 50um - [100%] 1
L 50um - [140%)] i _ L H _
0.25¢ 50um - [100%] o a ] 0.035 ! 50um - [60%]
50um - [60%] & %‘ L
0.2 % = 0.03 |
3 < _ 8 .
c D c -
© e R ¢ =
£015F z S5 Q £ 0.025
2 g o g I
0 L] 2] 0 L
< T ~ 3 < [
01F o = 0.02
£ :
i o i
0.05F \ [l o 0.015|
B [ B
b k\mk\_,_mzju
O'l....l....l....|....|....|.. 0.01'....|. M M
3500 3000 2500 2000 1500 1000 1700 1650 1600 1550 1500
Wavenumber (cm'1) Wavenumber (cm'1 )

Figure 3-4. FTIR of green bodies with different energy dose levels as measured by reference E-C, 60%, 100%,
140%, a), and relative C=C peaks indicative of crosslinking in the green body, b).

The difference in relative peaks suggests a higher percentage of conversion in the 140% baseline case. The
disparity in C=C bonds as a function of energy during printing is highlighted in Figure 4b. With fewer C=C bonds at
1637 cm! for the highest energy level at 140% dwell, it can be assumed that more VMS oligomers are crosslinked,
which translates to better ceramic formation in pyrolysis. Conversely, a higher C=C intensity for the lower energy

level, 60% dwell, suggests that there are fewer crosslinked VMS oligomers.

33.4 Mechanical Testing of Green Bodies

Polymer tensile specimens were tested in tension to failure and the stress-strain data collected was
measured and compared in Figure 5. Figure 5a compares representative tensile tests for dog-bone specimens at 3
different layer thicknesses, 25, 50, and 100 pm, all printed according to the baseline working curve. The stress-strain
curves shown highlight the influence of decreasing layer thickness on mechanical properties of the green bodies.
The general behavior of each specimen was similar, albeit at different magnitudes. The 25 um parts exhibit both the
strongest and stiffest response, loading to 10.8MPa at 0.011 strain. The 50 um parts were more compliant, loading to
7.2MPa at 0.009 strain. The 100 um were the weakest samples loading to only 3MPa at 0.016 strain. Figure Sb
compared representative tensile tests for dog-bones printed with different layer thicknesses and exposure profiles: 25
pm — 120%, 50 pm — 100%, and 100 pm — 140%. The stress-displacement behavior of each was similar, 25 um —
120% bar loaded to a max stress of 6MPa at 0.012 strain, 50 pum — 100% loaded to 7.2 MPa at 0.014 strain, and 100
pum — 140% bar loaded to 5.6MPa at 0.0122 strain at failure. These specific curves were selected to highlight that
both exposure and layer thickness contribute to mechanical properties of the resultant polymer green body. For
example, a dog-bone produced with a 25pum layer thickness and 60% E-C profile, exhibits the same stiffness,

strength and loading behavior as a part with a 50 um layer thickness at reference E-C profile.
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Figure 3-5. a), Representative stress-strain plot of polymer green bodies loaded in tension to failure at different
printed layer heights. b), Mechanical comparison showing comparable stiffness and strength of materials printed
with different E-C profiles. ¢), Modulus of elasticity of polymer dog-bones as a function of print layer thickness at
different E-C energy profiles. d), Ultimate tensile strength of polymer dog-bones as a function of print layer
thickness at different E-C energy profiles.

A summarized plot of modulus of elasticity of polymers tested at increasing dwell times is presented as a
function of layer thickness (Figure 5¢). Polymers printed at 150 pm had the lowest measured stiffness, ranging from
175 MPa for 60% E-C up to 225 MPa for 140% E-C. In all cases, and at all layer thicknesses, the stiffness increased
as a function of exposure at each layer height. This was expected, as longer dwell times translate to a consequential
increase in conversion [23]. However, for large layer thicknesses (>100 um) the measured stiffnesses between dwell
profiles was not statistically significant. Specimens printed at 125 pm ranged from a minimum stiffness of 193 MPa
to 330 MPa, for 60% and 140% respectively. Dog-bones printed at 100 um also exhibited change in stiffness as a
function of exposure, 225 MPa for 60% up to 610 MPa for 140%. At 50 um layer thickness, the stiffnesses
continued to increase with a minimum stiffness of 430 MPa at 60% up to 930 MPa at 140%. The stiffness for 25 um
dog-bones ranged from 595 MPa to 1010 MPa, for 60% and 140% respectively. A limited number of dog-bones
were printed at 10 um layer thickness, but only at the reference dwell profile. They were the stiffest parts measured
at 1160 MPa but were difficult to manufacture. The parts frequently fractured when removed from print supports.
The parts were too brittle to remove with hand tools, and therefore only results produced at the reference were

included here.

51



Similarly, Figure 5d plots the ultimate tensile strength for polymer dog-bones at varying layer thicknesses
and dwell times. Polymer strengths trended upward similarly to modulus, increasing with exposure and decreased
layer thickness. The weakest samples were the dog-bones printed at 150 pm, measured at 1 MPa to 4.5 MPa, for
60% and 140% respectively. The smallest layer height tested at all E-C profiles was 25 pm with measured strengths
ranged from 5 MPa at 60% up to 8.7 MPa at 140%. Again, only parts printed with reference E-C profile were tested
at 10 pm layer thickness due to difficulties preparing these samples. Furthermore, these samples were the strongest

tested, at 13 MPa, a significant increase over parts printed at 25 pm.

33.1 TGA Resul ts

The pyrolysis performance of the resin chemical constituents differs greatly (Figure 6). VMS, the silicon-
containing oligomer, had a ceramic yield of 41.5% at 1000°C, according to Figure 6. Thermal cross-linking
temperature for VMS occurs at between 250-400°C [1], but because this constituent was evaluated in its uncured
state, some of the oligomers are boiled off before polymerization and later ceramic conversion takes place. Despite
this, a yield of 41.5% was seen for this reference. The plateau at 41.5% levels after approximately 600°C, above
which the material begins to ceramize, around approximately 800°C. PEGDA however loses nearly all its mass
when heated to 1000°C, losing 99% of its original mass. The acrylate began to exhibit mass loss and exhaust after

heating to approximately 200°C and then rapidly burned off and was exhausted with gas flow beyond 400°C.
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Figure 3-6. TGA of the resin constituents and the final resin formulation evaluated in this study.

The ratio of VMS and PEGDA were carefully selected to maximize printability and yield according to
S e c t .iVBI$is I&s reactive in general, is not photo-reactive, and therefore relies on PEGDA to be readily
printable via VPP. PEGDA on the other hand has rapid reaction rates and makes the system printable via
photopolymerization but lowers yield with increasing PEGDA content. Ideally, the silicon-containing backbone
content is maximized to improve ceramic conversion, but some crosslinker is required to polymerize each discrete
layer and achieve a resins system that can start / stop quicky to maintain spatial tolerance. Combining VMS and
PEGDA resulted in a printable system that also pyrolyzes to a ceramic part with acceptable rates of pyrolysis

SuUcCcess.
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Figure 3-7. a), TGA of green bodies produced with different EC profiles at a constant layer height of 50um detailing
mass loss as a function of temperature up to a maximum temperature of 1000°C. b), XRD of a pyrolyzed ceramic
sample printed at reference E-C (100%) that was ball-milled to a fine powder and analyzed for atomic periodicity.

To understand the polymer-to-ceramic conversion process for pre-ceramic polymers produced at different
energy levels at a given layer height, a 10 mg sample of material prepared at different exposures was pyrolyzed in a
TGA under argon atmosphere. Mass change and heat flow measurements were analyzed over the course of the
pyrolysis process up to 1000°C (Figure 7a). A representative group printed at 50 um with different exposures were
tested. All samples were manufactured from a 3:2 VMS:PEGDA mixture by weight and were analyzed to 1000°C in
an inert atmosphere. For parts printed at the lowest exposure at the shown layer height, 50 um — [60%], a 38+1%
yield was realized. There was an initial mass loss associated with all tested samples that occurred between 100°C
and 200°C, followed by a plateau between 200°C and 350°C, as expected, for all tested specimens which is
attributed to removal of PEGDA side groups and unreacted oligomers from the green part [41,42]. Similar mass loss
at the same temperature regime is seen in Figure 6 for the individual resin constituents. The baseline parts, 50 um —
[100%], showed increased yield across the entire range with a final yield of 44+1%. The parts with highest
exposure, 50 um — [140%], also had the highest yield, at 51+2%.

It is noted that ceramic parts produced in this work were pyrolyzed at 1000°C, and at this temperature, a
crystalline structure of the ceramic part is not expected [43,44]. To confirm this, XRD was performed, Figure 7b.
Scattered X-rays detected via XRD of ceramics produced in this study at different exposures showed no atomic

periodicity, as expected, and it was therefore concluded that the ceramic was composed of mostly amorphous SiOC.
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Figure 3-8. XPS survey of material at different layer thicknesses.

Atomic makeup and concentrations were also investigated (Figure 8). As verified by XRD and FTIR, parts
printed and pyrolyzed at 1000°C in UHP argon atmosphere produced mostly amorphous silicon-oxycarbide. XPS
was performed on ceramic samples prepared at 10 pum, 50 um, and 100 pm at the same dwell profile to capture the
largest differences in composition. The chemical composition depends on each representative group tabulated (Table
1). XPS revealed significant carbon content in the 1s bands with sub-peaks present from C-C, C-O, C=0 and some
free carbon bonds expected to be present in the ceramic, given the pyrolysis temperatures [45,46]. The C/Si ratio
increased for ceramic samples with increasing layer thickness. The atomic percent of silicon increased as a function
of decreasing layer thickness, with 15.26% for 100 pm — 100% sample, 19.84% for 50 um — 100% sample, and
21.71% for 10 pm — 100% samples. Oxygen content was significant, a consequence of the manufacturing process
and pre-ceramic resin composition. This is common for additive processes performed in air, where oxygen-

inhibition is required for arresting polymerization [9,47,48].

Table 3-1. Elemental composition of ceramics pyrolyzed at 1000°C in flowing argon.
Element Composition, at. %

Sample Fabricated Si 0] C
Ceramic

10pm — 100% 21.71 33.14 45.18

50pum — 100% 19.84 33.45 46.69

100pm — 100% 15.26 31.11 54.62
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333Mechanical Testing of Ceramic Parts

Ceramic 3-point bend specimens were produced and mechanically tested accordingto Se c t i.®ha 2 .

results of mechanical tests were collected and compared in Figure 9. Representative 3-point bend tests are included
for square prismatic specimens at 3 different layer thicknesses, 10, 25, and 50 pm, at baseline exposure (Figure 9a).
The stress-displacement curves shown highlight the influence of decreasing layer thickness on mechanical properties
of ceramic PDCs. The general behavior of each specimen was similar, albeit at different magnitudes. The 10 um
parts exhibit both the strongest and stiffest response, loading to 128 MPa at 0.154mm displacement. The 25 um parts
were less stiff, loading to 76MPa at 0.126mm displacement. The 100 pm were the weakest samples loading to only
3MPa at 0.016 strain. To underscore the joint influence of exposure and layer thickness on the mechanical properties
of the resulting ceramic representative 3-point bend stress-displacement curves for ceramic bars printed with
different layer thicknesses and exposure profiles are shown: 25 um — 60%, 50 pm — 140% (Figure 9b). It is noted
that ceramic bars printed at 25um at 60% E-C displayed similar densities, flexural stiffness, strengths, and strain-to-

failure as bars printed at 50 pm with a 140% E-C profile.
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Figure 3-9. a), Representative stress-displacement plot of different layer thickness ceramic bars printed using
reference EC profiles. b), Mechanical comparison showing comparable stiffness and strength of materials printed
with different E-C profiles. ¢), Measured density of ceramic bars as a function of print layer thickness at different E-
C energy profiles. d), Bending strength of ceramic test bars as a function of print layer thickness at different E-C
energy profiles.
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The Archimedes density of pyrolyzed ceramic bars that were printed at different layer thicknesses and
exposure are also plotted, see Figure 9¢c. The lowest densities were measured for samples at 100 um with 1.62+0.03
g/cc at 60% up to 1.84+0.05 g/cc at 140%. Slightly higher densities were measured for 50 pm layer thickness at
tested E-C profiles, ranging from 1.66+0.04 g/cc at 60% to 1.88+0.02 g/cc at 140%. Measured densities continued to
increase for 25pm layer thickness at tested E-C profiles, ranging from 1.86+0.04 g/cc at 60% to 2.1+0.02 g/cc at
140%. For 10 um layer thicknesses, the highest densities were measured, from 1.95+0.03 g/cc at 60% to 2.3+0.05
g/cc at 140%. A summary of bending strength of ceramic test bars printed at all layer thicknesses and E-C profiles is
also provided in Figure 9d. Like observations for green body tensile tests, the strengths of ceramic bars also
increased with increased exposure, and with decreased layer thickness. The difference in bending strengths were
significant, with the lowest strengths measured for 100 pm bars, 6 MPa to 21 MPa, and the highest strengths
measured for 10 um bars with measured strengths of 80MPa to 108 MPa for 60% and 140% respectively. 10 um
layers represented the limits of printability for the printer used in this study as the minimum resolvable step-size for
the Z-direction. Furthermore, the time to print for these specimens was prohibitive. Conversely, 125 pm and 150 pm
layer thickness test bars were printable, but did not reliably survive pyrolysis, and were therefore excluded from this

analysis.

Figure 3-10. Fracture surface(s) of ceramic 3-point bend specimens. a), fracture surface of an XY-oriented bar
showing print lines [100um — 100%]. b), fracture surface of XY-oriented ceramic bar showing limited topography
fracture surface [100pum — 100%]. ¢), fracture surface of a Z-oriented bar [100pm — 100%]. d), fracture surface of Z-
oriented ceramic bar showing fracture along layer interface [100pum — 100%].

Representative fracture surfaces of 3-point bend specimens are presented in Figure 10. Figure 10a shows
fracture surface (X-Z plane) of an X-Y print with 100 um layers, and Figure 10b is an image perpendicular to
fracture direction (X-Y plane) of the X-Y print with 100 um layer thickness, with a continuous fracture surface
across the print layers. Figure 10c shows the fracture surface of a Z-direction print with 100 um layer thickness and

Figure 10d is perpendicular to fracture direction (X-Z plane) of the Z print with 100 um layer thickness. The fracture

here is at the layer interface, and nearly perpendicular to print direction. We note that mechanical properties of

56



ceramic parts printed in the X-Y and Z orientation were analogous. Therefore, throughout this study, XY bars were
printed due to their orientation lending to shorter print times. Brinckmann, € t . obséved an unusual anisotropy in
ceramic 3-point bend bars printed in the XY and Z orientation, with higher bending strengths of Z-oriented bars on
the order of 2x higher than XY bars [34]. However, efforts by this group eliminated this anisotropy with targeted
post-processing (Young et al., 2024).

3. Di scussion

34.1 Printer Calibration and Limitation

The working curve is typically used to generate a baseline calibration for exposure and cure depth,
according to Jacobs [49]. However, the working curve assumes a reciprocal photochemical reaction in the resin
relying only on exposure, or intensity and time. In recent years, other researchers have proposed modified
parameters for radically inhibited photopolymer resin systems. Uzcategui € t ., int@duced a scaling exponent for
exposure that accounts for radical inhibition and other reaction kinetics for an acrylate resin [40]. These groups used
custom light engines to develop these system-specific working curves, and in commercial DLP printers, it is still
common to use a standard working curve for use with commercial or custom resin systems.

Within the printable limits of +40% of baseline dwell, where repeatable printing was accomplished, a large
variability in mechanical properties of the resultant green bodies and ceramic parts was observed. Thus, it was
hypothesized that the baseline working curve provides a printable curve for a given system but may not be
optimized for specific outcomes. Minor changes in exposure resulted in measurable changes in the material
properties of printed resins which are otherwise the same (e.g. optically, chemically). It was noted however that as
changes to the working curve are made, support structures may suffer, i.e. support adhesion and burn-in layer
calibration, which needs to be addressed for each resin formulation. Supports on most commercial setups we

encountered do not scale linearly with changes in E-C and must be changed manually.

34. 2 Mechanical Properties of Polymer

FTIR spectra showed qualitative evidence of higher conversion in parts with increased exposure, Figure 4.
Qualitatively, the C=C intensity on FTIR spectra represents the crosslinking density during printing. Critically, the
lower the peak of the C=C bonds present in the vinyl group of VMS at 1637 cm™!, the higher the crosslinking in the
polymer. This is because PEGDA crosslinks via these C=C bonds on the oligomer, thus, lower relative intensity of
C=C peaks suggests more crosslinked VMS. This reinforces the above contention, that a baseline working curve can
generate a usable printing profile for a given resin system but may not be optimized for specific outcomes: namely
mechanical performance and maximized conversion. This can result in a need for more post-processing.

For example, in previous work done by this group, it was demonstrated that unreacted acrylate and oligomers in a
green body negatively impacted pyrolysis survival, yield, and mechanical strength of the resultant ceramic (Young et
al., 2024).

It is understood that stiffness and conversion are proportional, according to elastic theory [50,51].

Therefore, mechanical tests on green bodies support the contention that increased exposure increases conversion in

the green body, as demonstrated by stiffer mechanical response in tensile tests, and an embrittled load behavior, as
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any polymer with higher crosslinking becomes less ‘ductile’. This increased stiffness and strength as a function of
Increased exposure in PDC green bodies, were demonstrable in Figure 5. Uzcategui, € t . obsarled a,similar result
in their work, describing an increase in stiffness of a PEGDA crosslinked polymer printed via DLP with increased
effective exposure [23]. This result is intuitive, as the system described is photo-initiated, meaning more exposure
results in a greater number of reactions overcoming inhibition caused by oxygen.

As introduced for our PDC system, the upper printable exposure for was 140% baseline, beyond which
point layer delamination causes failure. This result is intuitive, as inter-layer adhesion requires a partly cured surface
to which subsequent layers can polymerize, creating a homogenous part. Beyond this printable limit, layer
delamination and print failure are common because the previous layer has converted beyond a threshold below
which inter-layer polymerization is possible [38]. However, we believe that printing near the ‘upper exposure limit’
is critical to maximizing the performance of PDCs. Low polymer conversion has been shown to decrease ceramic
yield, pyrolysis outcomes, and resultant ceramic mechanical properties [42]. To achieve a highly converted green
body that has good inter and intra-layer strength is key to positive outcomes of final ceramic parts and is integrally
related to printer calibration.

Adjacent to effective exposure impacts on polymer properties, decreasing the layer thickness results in
further increases in mechanical strength and stiffness, Figure 5a. Research has suggested that there exists a negative
gradient of cure through the thickness of a layer at a given step-height [52—54]. In other words, for DLP resin, a
decreasing average stiffness and crosslinking is expected across the layer due to multiple phenomena. For example,
diffusion of oxygen through the resin from surrounding air can impair polymerization due to interference from
oxygen inhibition. Also, an exponential decay in light intensity [24] through the layer have also been described and
identified as a cause of cure gradients for radical inhibition printed polymer systems in literature [23,25]. The
resultant increase in mechanical strength of the green parts can be thus described: Reducing the step size, or layer
height, results in a more uniformly cured green body, or a smaller gradient in crosslink density through a layer. This
also mitigates the influence of impaired light absorbance through the thickness, and possibly oligomer diffusion,
photo-initiator diffusion, and oxygen diffusion through the layer [23]. This results in a more uniform average
stiffness and is reflected in the measured increase in stiffness and strength observed, Figure 5.

We further concluded that the overlapped exposure between layers coupled with higher conversion through
layers [32] contributes to higher total conversion and thus higher stiffness observed in the green bodies. Therefore, a
higher conversion is expected for parts with small layer thickness, partly because of overlapped exposure and
minimized conversion gradient. Although a gradient across layers via targeted regions of lower crosslinking was
attributed to the development of functionally graded parts [25], within the context of developing preceramic parts,
non-uniform crosslinking is undesirable. A steep cure gradient in the green part can introduce a host of issues during
pyrolysis. For example, interlayer stresses, which are related to large conversion gradients through the thickness of
AM PDC parts [22] lead to cracking and porosity in green bodies and post-pyrolysis ceramics [32,55]. Coupling the
smallest layer height with the maximum allowable dwell (within printable limits), resulted in the strongest polymer

part that maintains dimensional tolerance and manufacturability.
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Interestingly, these results indicate that stress-strain behavior of a green body produced via this process can
be tuned as a function of layer thickness and effective exposure, Figure 5b. Decreasing layer thickness or increasing
exposure effectively increases the Young’s modulus and strength of printed green parts. Parts with low exposure and
small layer thickness can achieve mechanical parity with parts produced with higher exposure at larger layer
thickness. A similar average crosslinking density is expected for parts which have approximately the same exposure,
given a similar loading response. This affords a user the ability to modify printing parameters to service specific
requirements. For example, large layer thicknesses tend to decrease print times, but can negatively affect mechanical
strength in these DLP processes. Increasing dwell time, and therefore exposure dose, at each layer only marginally
increases print times, while maintaining a higher crosslinking throughout the part, saving time cost. Other research
has highlighted the potential to produce functionally graded materials for engineering and biomedical devices tuned
mechanically to match properties of various materials / tissues [23,25,56]. DLP processes like the one described here
allow one to vary specific parameters of printing, including dwell and layer thickness to achieve a desired result.
This is beyond the scope of this work, however, as this work focused on maximizing yield, and evaluating green

body printing influence on pyrolysis outcomes for PDCs.

34. 3 Mechanical Properties of Ceramic

For ceramics, it was demonstrated that layer thickness has an influence on mechanical strength of the
ceramic parts, Figure 9a. Results showed that stiffness and strength of ceramic parts produced in this study increased
with increasing exposure, like results seen in green bodies. A decrease in layer thickness resulted in an increased
Young’s modulus in the green part, caused by higher conversion or crosslinking density, which also contributes to
higher ceramic yield and density. Chemically, a higher crosslinking density retards the thermolytic retroversion
reaction that causes partially reacted or volatile oligomers from the network polymer. This reaction can be mitigated
during pyrolysis by maximizing crosslinking and has been shown to increase ceramic yield [5,37]. With decreased
layer thickness, or with increased dwell time, ceramic parts exhibited both increased mechanical strength and
stiffness. It is likely that with increased ceramic yield, and measured increases in density, that the characteristic flaw
size was also smaller, or total porosity was lower for ceramic test bars produced at smaller layer thicknesses [57] and
resulted in higher measured bending strengths. Outgassing of volatiles during pyrolysis can result in high void-
volume, or porosity, and has been documented in literature [58] and the minimization of unreacted volatile material
may contribute to the observed increase in strength.

The relative stiffness also increases as both a function of decreased layer size and increased exposure.
Qualitatively in Figure 9a, relative stiffness increased with dwell time, suggesting some change in chemical
composition of the ceramic. The chemical composition of PDCs has been shown to significantly impact mechanical
properties, namely stiffness[59]. It was hypothesized that higher conversion in green parts would yield a ceramic
with higher relative silicon content, and higher ratio of silicon to carbon Si/C [59]. Here, the ratio of C/Si increased
with layer thicknesses, from 02.08 to 3.5 for 10 um and 100 um parts, respectively. A basic trend, where higher
carbon content, coupled with lower relative silicon content, resulted in weaker and less-stiff ceramics. Literature has
demonstrated that increased carbon content, and more specifically, free carbon, in SiOC ceramics is inversely

proportional to stiffness [45]. Higher silicon content was assumed to be a direct consequence of increased oligomer
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crosslinking in the green body, resulting in a higher ceramic yield, and more silicon-containing material available in
the final ceramic part. This is supported by the higher yield seen via TGA, producing higher ceramic yield as a direct
consequence of less mass loss in the part under pyrolysis conditions. Further, XPS confirmed a higher silicon
content in samples with smaller layer thickness, i.e. at higher total exposure. It was therefore concluded that green
body conversion directly influences ceramic properties of our printed SiOC ceramics.

Tangential to this point, parts that were produced at different layer thickness and exposures exhibited
similar mechanical properties, Figure 9b. In other words, parts that were expected to have similar conversion, as a
function of layer thickness and per-layer-dwell time, resulted in ceramics with comparable densities and mechanical
strength, within error. Because a broad range of properties are producible as a function of printing parameters for
both green bodies and ceramics, properties can be tuned via modification of exposure and layer thickness to achieve
desired mechanical properties or even functionally graded ceramics produced in a single step. It was therefore
concluded that ceramic mechanical properties of 3D printed PDC parts are strongly influenced by green body
conversion. This was demonstrated by the superior mechanical properties of ceramics printed at minimum layer
thicknesses and maximum printable exposures. Despite this, however, there remains unconverted material in the
system regardless of print settings, due to the nature of the printing process. Further conversion is likely achievable
via further post-processing, particularly via thermal cure [40], but was outside the scope of this study.

Both layer thickness and exposure influence the final ceramic mechanical properties in tandem, Figure 9c-
d. Increasing exposure in green bodies resulted in a measurable increase in density. Similarly, smaller layer
thicknesses also presented with an increase in density. As discussed previously, increased exposure in green bodies
translated to improved polymer mechanical properties, as a direct consequence of increased conversion and a
smaller conversion gradient across layers. For green bodies with higher exposure, accomplished either by decreasing
layer height or increasing dwell time, the resulting ceramic had higher yield and density, as well as considerable
increases in mechanical strength. The density range in this work, between 1.6 and 2.3 g/cc is comparable to other
SiOC ceramics [2,60,61]. However, the density of PDCs is somewhat variable as research has demonstrated that a
higher pyrolysis temperature also increases density [62]. The reason for increased density as a function of exposure
is again related to green body conversion. Outgassing of partially, or unreacted volatiles during pyrolysis can result
in high void-volume, or porosity, and has been documented in literature [58]. Increased conversion of green parts
reduces this mass-loss and contributes to higher density and yield. We suspect that low reported densities and
strengths for additively manufactured PDCs is likely related to the low relative green body conversion, especially
when no additional post-processing is performed.

Finally, an overly broad range of mechanical properties are reported here, increasing from 10+6 MPa for
[100 pm — 60%] to 111£10 MPa for [10 pm — 140%]. An increase in total exposure clearly had a measurable impact
on strength at all measured layer thicknesses, proportional to the percent change in exposure. Higher green body
conversion also clearly improves ceramic mechanical properties, with increasing strength, stiffness, and density. To
our knowledge, the influence of cure on AM of PDCs has yet to be reported. However, Wu et al., demonstrated a
similar phenomenon, albeit for a different ceramic, when decreasing the exposure time of the boundary mask of an

AM ceramic slurry from 1s to 0.8s that reduced the ceramic strength from 240 to 171 MPa [63].
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Most importantly, printing at current limits, our PDC system generated parts with a bending strength of
111410 MPa. This is a significant improvement to mechanical properties as compared to AM PDCs in literature, and
doubling strengths over previous work [34], The reported strengths here are even within range of other traditionally
manufactured SiOC PDC ceramics, which ranges from approximately 70-250 MPa [1,64]. We note that reported
strengths of ceramics vary widely, however, and depend on pyrolysis temperature, crystallinity, manufacturing
technique, flaw size distribution, and other factors. This gives them an extremely broad range of properties, with
strengths ranging from 5 MPa up to several GPa for ceramic fibers. Nevertheless, we demonstrated that increasing
exposure by 40% and minimizing print layer thickness produced a more thoroughly converted bulk green body and a

resultant ceramic with up to six times higher flexural strengths, as compared to other VPP printed PDCs.

3.Boncl usi on

PDC:s fabricated via VPP processes have historically suffered from low mechanical properties as compared
to traditionally manufactured ceramics. Here, the mechanical properties of additively manufactured preceramic
green bodies and resultant ceramics produced via DLP are investigated as a function of layer thickness and
exposure. Expectedly, and in accordance with rubber-elastic theory, elastic modulus and strength increased
proportionally with exposure, because of higher green body conversion during printing. Increasing per-layer print
time 40% resulted in an approximate 40% increase in mechanical properties. Similarly, for decreased layer
thickness, green body strengths and modulus increased up to three times. Interestingly, both layer thickness and print
time had a substantial impact on mechanical properties of resultant SiOC ceramics. It was therefore concluded that
ceramic mechanical properties of 3D printed PDC parts are strongly influenced by green body conversion, as
dictated by printing parameters. Coupling the smallest layer height with the maximum allowable dwell (within
printable limitation of DLP process(es)), which produced green bodies with the highest conversion, resulted in
improved pyrolysis outcomes, manufacturability, and most importantly ceramic strengths comparable to traditionally
manufactured SiOC PDCs. Specifically, longer print times resulted in a proportional increase in ceramic flexural
strength, i . a@0% increase in print time resulted in an approximate increase in strength of 10%. Decreasing layer
thickness had a more dramatic impact, increasing flexural strength by more than 6x from 18 MPa at 100 um layer
thickness to 111MPa at 10 um layer thickness. Stiffness and density of the PDCs also increased with exposure. This
represented a substantial increase in mechanical strengths of PDCs produced via DLP, and more than a 2x increase
over previous work with similar SiOC preceramic resins. We concluded that improved conversion throughout the
green body had positive implications for resultant ceramics. Importantly, to maximize mechanical properties of DLP
printed PDCs, printing calibration required careful tuning and often required higher exposures beyond a standard
working curve calibration. Furthermore, printing of preceramic resins and post-processing steps, including photo-
cure or thermal curing steps, and pyrolysis conditions should be carefully considered to minimize print times,
maximize the resultant ceramic’s yield, and tune mechanical properties to achieve parity with traditional
manufacturing techniques. Improving ceramic properties via green body optimization is broadly application to other
printable PDCs and can shrink the dichotomy between traditional and AM polymer-derived ceramics, thus affording

both the advantages of complex geometries exclusive to 3D printing and demanding mechanical properties.
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CHAPTER 4. FUNCTIONALIZED GRAPHENE IN DLP PRINTED SiOC

4 Lntroducti on

Over the past several years, researchers have developed 3D printable PDC (polymer-derived ceramics)
systems using vat photopolymerization (VPP) [1], thereby establishing a novel route for fabricating intricately
detailed ceramic components with tailored properties crucial for applications across diverse industries. Further, the
utilization of VPP technologies has enabled precise customization of these systems via incorporation of inert and
active fillers, reinforcements, and various preceramic resins to form robust composites [2]. Ceramic materials, and
especially 3D printed ceramics, have potential for diverse industrial applications [3—5], and dispersed reinforcing
phases in the ceramic matrix have potential to further enhance specific material and mechanical properties [6,7].
Ceramic matrix composites with dispersed reinforcements produce very attractive mechanical properties, including
tailorable density, high thermal resistance, and chemical stability. For example, composite ceramics can be produced
via integration of reinforcing ceramic phases, which have been shown to increase yield, decrease linear shrinkage
and improve mechanical properties [8]. Katsuda, € t . repotted notably improved fracture toughness of SiCN
ceramics with only 1-2 wt% carbon nanotubes [9].

Within the realm of ceramic manufacturing, the ability to potentially improve or modify thermomechanical
properties using graphene additives or processing has garnered considerable interest. As SiOC and other ceramics
continue to draw attention for high-temperature engineering applications, thermal performance will continue to be of
interest. The high-temperature resistance and inertness of ceramics make them an attractive candidate for use in gas-
turbine engines. For the development of turbine vanes, a ceramic with high chemical inertness coupled with higher
thermal conductivity is advantageous as coolant performance is increased. The ability to produce geometrically
complex, near-net-shape ceramic blades and vanes with improved thermal performance is warranted. The electrical
and thermal properties of ceramics have been modified via the addition very small amounts of conductive fillers like
graphene [10-13]. Guo, e t repolted an almost 40% increase in thermal conductivity of 3D printed graphene-
enriched silicon carbide with only 0.1wt% graphene and reported a 10x increase in electrical conductivity for the
same increase in wt% graphene [10]. Saleem, e t eahinced thermal conductivity over 50% in a Silicon nitride
ceramic by adding 2 wt% graphene nanoparticles during preparation [14].

Although graphene can improve targeted thermal or electrical properties, integrating graphene into
materials has been shown to harm mechanical strengths, lowering measured properties well beyond unreinforced
materials. This phenomenon is not isolated and has been demonstrated to significantly hinder mechanical properties
in both ceramics and polymer [10,15]. For example, literature has shown that for an increase in carbon content,
namely free carbon, there is a corresponding decrease in the hardness and Young’s modulus of silicon ceramics
[16]. Specifically, for VPP methodologies, increasing the volume fraction of fillers, including graphene, has an
inverse relationship with mechanical properties. These issues generally stem from poor suspension, resulting in
settling and print failures [17]. Increasing solid loadings also contribute to light attenuation and absorbance [18],
which can contribute to delamination and failure of the printed body [19]. Poor conditions for photo-initiated
printing caused by light attenuation and absorbance also leads to poor green body conversion, which contributes to a

weaker ceramic [20,21]. To combat this, improved suspension and stabilization of graphene or other additives
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[17,22] in VPP resins has been utilized. Palaganas, et al., introduced a covalent functionalized graphene oxide that
demonstrated improved homogenization in VPP resins that led to improved mechanical properties [23]. Ramirez-
Soria, et al., also demonstrated improved suspension as a function of microwave assisted functionalization of
graphene oxides, resulting in enhanced compatibility within the cured parts [24]. Further, print parameters for
highly UV-absorbent resins require careful calibration to maximize mechanical properties of the final parts.

Here we report on the influence of different graphene additives on bulk-printed PDC composites utilizing a
commercially available digital-light-projection (DLP) printer. The impact of amine-functionalized graphene on
suspension within the preceramic resin and on printing and pyrolysis outcomes of subsequent ceramics is
investigated. The influence of the addition of these functionalized graphene powders on electrical, thermal and
mechanical properties is investigated. Critically, we discuss optimization of print parameters for graphene enriched
preceramic resins to preserve high ceramic mechanical properties despite increased graphene content, and

simultaneously improve electrical and thermal properties.
43 Materials and Methods

42 . 1 Pr eReesri@nd/pchRrreegar ati on

The primary resin constituents were used in their as-received state, without modification (Figure 1a).
Vinylmethoxysiloxane, with an average molar mass of 500 g mol™!' and a density of 1.10 g/cm?, was purchased from
Gelest (VMM-010). The crosslinker, Poly(ethyleneglycol)-diacrylate, with an average molar mass of 258 g mol!
and a density of 1.11 g/cm?, was purchased from Sigma Aldrich. Two additional chemicals, an initiator and radical
scavenger were also used. The photoinitiator Irgacure 819™ (Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide),
and the free radical scavenger Irganox 1330™ (1,3,5-Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)-

benzene), were procured from Sigma Aldrich.
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Figure 4-1. a), The chemical structures of the materials used to create the 3D printing resins. Vinylmethoxysiloxane
(VMS) and poly(ethylene glycol)diacrylate [average M, 250] (PEGDA) are utilized as the pre-ceramic polymer
backbone and crosslinker, whereas Irgacure 819 and Irganox 1330 are used as a photoinitiator and free-radical
scavenger, respectively. b), functionalized graphene powder(s) added to the preceramic resin. c), Energy-curing
curve used to characterize the polymerization of the pre-ceramic resin and control printer polymerization
characteristics, including E-C curves for 1%-3% graphene suspended in the resin as reference.
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To achieve a stable solution of resin with reinforcing graphene, two functionalized graphene-based
materials were investigated here to improve suspension in the resin inks, Figure 1b. A reduced graphene oxide
(RGO) derived from coal was prepared by collaborators at the National Energy Technology Laboratory (NETL).
The RGO was prepared in attempt to promote good suspension in the resin ink. A few layer graphene (FLG) with
graphene quantum dots with an amine functionalization was also prepared from coal derivates. Hydrophobic amine
functionalized graphene quantum dots (aGQD) on FLG powder were prepared to promote good suspension in the
hydrophobic resin ink.

The preceramic resin was comprised of four constituents: (1) the ceramic-backbone containing monomer
with an -ene functional group (referred to as poly(vinylmethoxysiloxane) or VMS in this work); (2) a monomer with
acrylate functional groups (referred to as Poly(ethyleneglycol)-diacrylate or PEGDA) which acts as a crosslinking
agent; (3) photoinitiator (Irgacure® 819); and (4) a free radical scavenger (Irganox 1330™), for purposes of
photopolymerization. The two monomers, VMS and PEGDA, were mixed to homogenize on a shaker table in a 3:2
ratio by mass respectively to form a homogenized translucent mixture. Following initial mixing of the monomers,
the photoinitiator and free radical scavenger were added at 0.3 and 0.7 wt%, respectively, and mixed for 30 min at
1000 rpm. The free-radical scavenger and photoinitiator were added with a 3:7 ratio by weight to achieve optimal
print features. The ratio of graphene to preceramic resin varied from 0 wt% up to 3 wt% in 0.5wt% increments. For
the RGO and FLG-reinforced samples, material was added into PEGDA and sonicated for 10 min first b e f alding

other reagents and then sonicate the final mixture for another 5 min.

422Printing & Pyrolysis

All parts were printed on an unmodified, commercially available printer, Asiga Pico2HD (Alexandria,
Australia) digital light processing (DLP) printer using a 385 nm wavelength UV light. To establish a baseline for
curing, the resin energy-curing curve was characterized, and a reference level energy-curing curve was generated
according to Jacobs [25]. As is standard, the working curve or energy-curing (E-C) curve was calibrated by exposing
liquid resin to increasing energy doses from 30 mW/cm2 to 3000mW/cm2. These energy doses produced different
curing depths for varying amounts of graphene in prepared ink and were recorded in Figure Ic.

The baseline exposure time at each discrete layer height was set according to Jacobs [25]. However, for
graphene-reinforced parts, the baseline calibration produced parts with low green body conversion, due in part to the
increased absorbance of the reinforcing powder. Therefore, for the reinforced parts, the dwell time (DT) was
systematically increased by increments of 5% above the baseline calibration until consistent overcure and layer
delamination were observed. In other words, graphene-reinforced parts were printed at the maximum possible per-
layer dwell time to maximize green body conversion which achieved parity with unreinforced parts. Mechanical test
specimens were produced for each layer thickness and at each set exposure profile for graphene-reinforced parts.

Three-point bend mechanical test bars printed at different dwell profiles were defined as a percentage of the
baseline working curve. For example, a bar printed with 20% higher dwell than baseline at a 25um layer thickness
would be designated 25um — [120%]’ in the results. The as-printed parts were rinsed in isopropanol to remove the

residual uncured resin on the surface and placed in a UV oven for 20 minutes. Green parts were then placed in an
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agitated toluene solvent bath for 2 hours to diffuse unreacted material trapped in the green part. Parts were then
removed from the solvent bath and dried.

Pyrolysis of the preceramic polymers was carried out in a tube furnace under a controlled flow of argon.
The furnace was heated from room temperature to 500°C at a rate of 1°C min™'. To ensure a complete reaction, this
temperature remained constant for 1 h before increasing to a maximum of 1000°C at 1°C min™!. The maximum
temperature remained isothermal for 1 hour before cooling at a rate of 2°C min™! from 1000 to 200°C to avoid
cracking due to thermal shock. This procedure was developed from previous research efforts [8,26]. After pyrolysis,

parts were evaluated for pyrolysis survival.

423Mat eri al Characterizati on

Thermogravimetric analysis (TGA) was performed on a TA Instruments SDT Q600 simultaneous thermal
analyzer to understand the polymer-to-ceramics conversion. The experiments were conducted from room
temperature to 1200°C at a ramping rate of 20°C min™' and isothermal hold at 300 and 500°C for 15 min under a
constant flow of argon (99.999% purity) at a rate of 100 mL min™'. The density of the ceramics was determined via
Archimedes principle. To measure sedimentation of the reinforcements, graphene was mixed into resin accordin to
S e ct i andsedithentdtion height was recorded hourly over a 12-hour period. The sedimentation rate per hour vs.
the original height of the mixture was calculated as a function of the drop in height from the previous hour. The
electrical resistivities were measured using a Keithly 2420 4-point probe system (Tektronix, Solon, Ohio, USA).
Mechanical 3-point bend tests were performed on ceramic parts to failure. An ADMET Series 6211 Universal tester
(Norwood, Massachusetts, USA) equipped with a 3-point bend fixture was used in all tests. The ceramics were
loaded to failure at a crosshead rate of (0.05mm/min). Displacement was measured using the crosshead LVDT.
Samples fractured between 1 and 3 minutes, under quasi-static conditions. RAMAN spectroscopy was performed on
a WITec Alpha300 R confocal/RAMAN (Oxford Instruments, Abingdon, Oxfordshire, England). Scanning electron
microscopy (SEM) was performed on a JEOL 7000F SEM (Peabody, Massachusetts, USA). Elemental composition
was determined for each ceramic using an environmental X-ray photoelectron spectrometer E-XPS (Scienta
Omicron, Uppsala, Sweden). Thermal cooling performance was evaluated by heating ceramic bars in a furnace to
500°C and allowing them to equilibrate for 3 hours. Parts were then removed from the furnace and allowed to cool
under ambient conditions. An IR thermal camera (Teledyne FLIR, Wilsonville, Oregon, USA) was used to measure

the cooling rate of ceramic test coupons.
43Results & Discussion

43. 1 AbsorRPrdamdRe mégmd manc e

The prepared preceramic resin was translucent, with low light absorbance in the visible spectrum. However,
with increased graphene content in the resin, the absorbance significantly increased. Understanding the curing
characteristics of each ink was necessary to produce parts with good spatial dimensionality and acceptable green
body conversion. The baseline resin, with no added graphene, when exposed to energies ranging from 20 mW/cm?
to 3000mW/cm? produced curing depths of 0.04 mm at 1 second of total exposure to 1.8 mm at 100 seconds, Figure

lc. The polymerization depth showed an obvious decline with added graphene, decreasing to a maximum height of
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0.94 mm at 3000mW/cm? for 0.1 wt% graphene. This trend continued, with polymerization height dropping to 0.8,
0.51, 0.38, 0.28, 0.19 mm for 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, 3 wt%, respectively. Approximately 3 wt%
graphene represented the upper printable limit of the resin system. Adding more graphene in the ink resulted in print
failures, as sufficient UV penetration by the printer was not possible above this threshold. Therefore, the maximum

loading investigated in this study was 3 wt% graphene.

43 . 2 I nfluence ofsudgpercdgiomal i zati on on

Figure 2a shows the sedimentation of both 3 wt% RGO and 3 wt% FLG suspended in the preceramic resin.
At maximum resolution, and utilizing the entire build volume, print times could reach up to 9 hours, and therefore,
sedimentation was investigated at time scales relevant to print duration. It should be noted that the FLG 3wt%
mixture stayed in suspension for more than 24 hours but was only evaluated over a 12-hour period that coincided

with maximum print times.
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Figure 4-2. a), retained suspension for 3 wt% graphene of both types in resin after agitation on a shaker table for 30
minutes. b), sedimentation rate for 3 wt% graphene of both types in resin.

Using the sedimentation height, the sedimentation rate was calculated, see Figure 2b. For the RGO powder,

settling occurred quickly, with the settlement rate reaching 50% in only 2 hours. Conversely, the functionalized FLG
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graphene with aGQD had no measurable sedimentation over a 12-hour period. For RGO, the sedimentation rate
reached a maximum of 15mm/h. The FLG sedimentation rate was zero because no sedimentation was observed over
the 12-hour observation period. The reduced sedimentation rate and overall stable suspension of the FLG powders
proved the successful fictionization of the graphene. This is critical, as FLG stayed in homogenous suspension
longer than the requisite printing window. This represented the first step to establishing a printable ink with
homogenously dispersed graphene throughout the preceramic green body. Conversely, the poor suspension of RGO
and rapid sedimentation highlighted its incompatibility with the preceramic resin investigated in this study.
Therefore, without effective functionalization, the RGO was difficult to uniformly blend with the resin. This resulted
in difficulties with printing and subsequent degraded mechanical properties. Unfunctionalized graphene

reinforcements have been reported to negatively impact printing in literature [17,23].

43. 3 Sur wunmalti as af Graphene Content

Survival was evaluated for all ceramics post-pyrolysis, Figure 3. Pyrolysis survival is a critical aspect of
producing viable AM PDC parts. Our research has demonstrated that printing parameters, green body processing,
and the addition of additives can have considerable impact on the survival and post-pyrolysis outcomes of PDC
systems, and these results have been supported in other work [8,19,26]. For example, in a related work we showed
that for VPP PDC materials, unreacted material in the preceramic polymer green body can cause significant cracking
and damage during pyrolysis. We further showed that green body processing to remove unreacted ‘sol’ dramatically
improved pyrolysis outcomes [Self Site]. We also showed that increasing green body conversion during printing via

increased exposure dominates the resultant ceramic mechanical properties for PDCs.
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Figure 4-3. Pyrolysis survival as a function of increased graphene content for both reinforcement types and
representative test ceramic bars with different amounts of graphene reinforcements: a) RGO and, b) FLG.

Within the context of these graphene reinforced ceramics, we suspected that the increased graphene content
would impair green body conversion during printing, possibly reducing pyrolysis outcomes. Survival of a part was
defined as a part with no visible surface cracks, visible pores, fractures, and with no warpage (<5% as compared
with CAD models). At low concentrations (0.1-1 wt%), we see comparatively high pyrolysis success, at or above
90%. Beyond 2% RGO reinforcement however, samples crack and split during pyrolysis along layer lines. For
samples reinforced with RGO, a precipitous drop in part survival was observed above 1.5 wt% RGO. At 0.1 wt% up
to 1.5 wt% parts had above 90% survival, however, beyond 2 wt% survival dropped to 54+6%. This is likely caused
by multiple phenomena. First, with increased graphene content, the absorbance of the bulk resin increases,
decreasing UV penetration. This degradation in UV penetration has been shown in literature to cause a negative
conversion gradient though the layer of VPP printed green bodies [27-30]. This is further impacted by increasing the
amount of absorbent graphene [18,31,32]. Second, the poor suspension of the RGO powder in the preceramic resin
likely resulted in some settling at the bottom of the resin tray. It was noted that the bottom of the resin trays appeared
to have increased sedimentation on the transparent film at higher RGO concentrations. It was expected that some
graphene accumulated at layer interfaces, resulting in a weaker interlayer region. We also suspect that a mixing

blade, or other method of agitating the suspension during printing may aid in increasing the effectiveness of higher-
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loaded resins. In other words, it was suspected that the poor survival was a consequence of graphene settling and
preventing adequate inter-layer adhesion in the green part. This was evidenced by the obvious delamination at layer-
interfaces in Figure 3a. For samples reinforced with FLG [aGQD] powder, survival prognoses improved, with
average survival for all tested ceramics remaining above 80%. There was a marked improvement in suspension for
the FLG reinforcement, with stable suspension lasting several hours. Interlayer adhesion appeared to be improved,

and consistent pyrolysis success was observed for increasing FLG graphene contents, Figure 3b.

434Mechani cal Properties

Ceramic 3-point bend specimens were produced and mechanically tested according to Section 2.4. The
results of mechanical tests were collected and compared in Figure 4. Figure 4a compares representative stress-
displacement tests of ceramic test bars printed at 25um layer height prepared with varying amounts of RGO

graphene reinforcement compared to a baseline ceramic bar.
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Figure 4-4. a), representative 3-point bend stress-displacement curves for RGO-reinforced ceramic bars at different
RGO wt%. b), summary of flexural strengths of 3-point bend tests for RGO reinforced ceramic test bars at different
layer thicknesses. c¢), representative 3-point bend stress-displacement curves for RGO-reinforced ceramic bars at
different FLG wt%. d), summary of flexural strengths of 3-point bend tests for FLG-reinforced ceramic test bars at
different layer thicknesses.
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The baseline bar exhibited the stiffest and strongest response in bending, loading to a maximum stress of
64MPa at a displacement of 0.123mm at fracture. The stiffness and strength both decreased as the amount of
graphene increased: RGO-[ 1wt%] bars loaded to 35MPa at 0.116mm, RGO-[2wt%] bars loaded to 26MPa at
0.08mm, RGO-[3wt%] bars loaded to 15MPa at 0.15mm. A decrease in stiffness and strength is expected for
increasing graphene content in DLP printed PDCs. Increasing the carbon content of silicon containing ceramics can
improve thermal and electrical properties, but increasing carbon content in the ceramic has been shown in literature
to have an inverse correlation with both stiffness and strength [16]. Specifically, for both printed and traditional
composites, large drops in measured strength with relatively low graphene concentration have been observed for
graphene-enriched ceramics. For example, Guo, e t ., peoduced a DLP printed graphene/silica composite ceramics
with 0.1% Graphene/Silica with a 2x decrease in strength over unenriched samples [10]. Palaganas, e t ., obs¢rved
a severe degradation of mechanical properties for polymers reinforced with functionalized GO beyond 0.6wt%,
citing the percolation threshold for nanocomposites, void formation and high light absorbance [23]. Cheng,e t ., a |
also reported degraded mechanical properties due to agglomeration of graphene, for graphene reinforced
Al203/TiC composites above 0.8 wt% graphene [33]. Beyond the influence of graphene/carbon on the measured
stiffness and strength of ceramics, the influence of conversion as a function of printing exposure depth and
conversion gradients have also been shown to influence mechanical properties of DLP-printed parts. Increasing
crosslink density is critical to maximizing yield in polymer-derived ceramics [20,21]. Increasing crosslink density,
or conversion, of green bodies competes kinetically with the retroversion reaction during pyrolysis, which constrains
the polymer and ultimately increases ceramic yield [20]. Increasing graphene content directly competes with this
process by scattering UV and limiting penetration. A large decay in polymerization depth is observed for higher
graphene content (Figure 1c). Consequently, conversion and yield of the resultant ceramic also suffers. The
combination of these phenomena all contributed to the lower observed stiffness and strength of graphene enriched
PDCs seen here. The stair-step fracture observed in these samples was representative and suspected to be due to
weak layer interfaces in the test bars. It was hypothesized that the weak mechanical properties were a consequence
of heterogenous concentration of graphene in the vat, resulting in weak layer adhesion and a high failure rate in
pyrolysis.

Figure 4b compares average mechanical bending strengths of test bars prepared at different layer
thicknesses and for increased RGO-reinforcement. These curves displayed an influence of layer thickness, as well as
graphene content on bending strength. In all cases, strength increased with decreasing layer thickness. An average
bending strength of 19MPa at100um layer height was measured for the baseline and an increase up to 108MPa at
10pm layer height for the same baseline was seen, a 5x increase. This was expected, as a decrease in step size
reduces the influence of a conversion gradient through the part [28] and increases the total conversion, resulting in
more uniform ceramics, which results in higher measured strengths. A similar trend was reflected in RGO-reinforced
bars, but at a lower magnitude. For RGO — [1wt%], strength increased from 13MPa to 65MPa at 100pm and 10pum,
respectively. For RGO — [2wt%)], strength increased from 11MPa to 52MPa at 100pum and 10pm, respectively. For
RGO — [3wt%], strength increased from 6MPa to 32MPa at 100pm and 10um, respectively. It is noted that the
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strengths decrease significantly for parts reinforced with RGO. Again, increased free carbon in the ceramic as a
function of increased graphene is suspected to contribute to degraded properties here [16].

Figure 4c compares representative stress-displacement tests of ceramic test bars prepared with varying
amounts of functionalized FLG graphene reinforcement compared to a baseline ceramic bar. To maintain
consistence with other tests, the presented curves are for bars printed with a 25um layer height. Again, the baseline
bar was included for comparison and exhibited the stiffest and strongest response in bending. The stiffness and
strength both decreased as the amount of graphene increased: FLG-[1wt%] bars fractured at 47MPa at 0.113mm,
FLG-[2wt%] bars fractured at 38MPa at 0.11mm, FLG-[3wt%] bars fractured to 27MPa at 0.126mm. All samples
experienced brittle fracture after linear loading. It should be noted that for the FLG samples, which exhibited better
suspension during printing, improved strengths and stiffness were observed compared to the RGO samples. Further,
the stair-step fracture, characteristic of a defect-rich sample, was not observed for FLG-reinforced ceramics. The
improved suspension produced ceramics with more uniformly distributed graphene and resulted in more uniform
parts. The increase in pyrolysis survival is also noted for these samples, Figure 3.

Figure 4d compares average mechanical bending strengths of test bars prepared at different layer
thicknesses and for increased FLG content. The same trend emerged, suggesting an influence of layer thickness, as
well as graphene content on bending strength. In FLG-reinforced bars, strength increased with decreasing layer
thickness. For FLG — [1wt%], strength increased from 19MPa to 92MPa at 100um and 10um, respectively. For FLG
— [2wt%], strength increased from 17MPa to 71MPa at 100pum and 10um, respectively. For FLG — [3wt%], strength
increased from 11MPa to 64MPa at 100pum and 10pum, respectively. In the case of FLG-reinforced bars, strengths
were measurably higher than that of RGO-reinforced bars. FLG-reinforced ceramics had measurably higher
pyrolysis survival, and fewer visible surface defects. Since strength is largely flaw-dominant [34], FLG-samples
were expected to have superior mechanical strengths over RGO samples. This improvement over RGO was not
insignificant, with strengths doubling on average for FLG-aGQD bars printed at 10um layer thicknesses. This
highlights the importance of resin development and selection of reinforcement, especially within the context of

bottom up DLP processes that are sensitive to settling [22,23,35-37].
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Figure 4-5. Representative SEM of RGO and FLG-reinforced ceramic bars. a) RGO-[3%] bar with visible layer
lines. b) RGO-[3%] bars that cracks along weak layer interfaces during pyrolysis. ¢) fracture surface of RGO-[3%]
in 3-point bend, load applied from left to right, or positive-Z direction. d) FLG-[3%] bar with no visible layer lines.
e) RGO-[3%] bars devoid of cracks on the surface post-pyrolysis. f) fracture surface of FLG-[3%] in 3-point bend,
load applied from left to right, or positive-Z direction.

Scanning electron microscopy was employed to image the surfaces of the as-pyrolyzed material and
fracture surfaces of the two different reinforcement types, Figure 5. Figure 5a-c Surface-level print-lines and
characteristic failures are shown in Figure 5a-c. These are representative images of ceramic bars printed and
pyrolyzed with 3% RGO reinforcement. Distinct layer lines are visible on the RGO-reinforced samples, even at low
magnification, Figure 5a. Included in Figure 5b is an example of a RGO-reinforced sample that split along several
layer lines during pyrolysis. This type of failure was representative of RGO-reinforced samples and is reflected in
the low survival of these parts. We concluded that heavy settling of RGO reinforcement in the printer’s resin vat,
coupled with low UV-penetration due to graphene content and light scattering during printing led to excessively
weak layer interfaces [38] and resulted in these delamination-like failures [18]. When fractured in 3-point bend,
RGO-reinforced samples appeared not to have a continuous fracture surface, and cracks tended to open along layer
lines, again due to the weak interface. The resultant fracture surface is imaged in Figure Sc. Figure 5d-f contains
representative images of FLG-reinforced ceramics bars. Interestingly, these samples do not exhibit the same obvious
layer lines, and were largely devoid of cracks post-pyrolysis Figure 5d-e. The surfaces were free of visible porosity
at the scales imaged and were consistent with other 3D printed SiOC ceramics. We believe that improved suspension
of the functionalized FLG reinforcement resulted in the graphene being more uniformly distributed through the
green body and resultant ceramic. Palaganas, e t  itrdbduced homogenously dispersed functionalized GO for
improved distribution of graphene throughout a 3D printed part, resulting in improved mechanical properties [23]. In
this work, the lack of delamination failure observed for FLG-aGQD reinforcement, improved suspension, as well as
a continuous material surface support this hypothesis. Contrary to the findings for RGO-reinforced bars, the fracture
surfaces of the FLG-reinforced bars was continuous, with fractures across layer lines (Figure 5f). Some evidence of

compression curl is visible on the left-ward edge where load was applied in the 3-point bend fixture.
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Because functionalized graphene (FLG-aGQD) produced a homogenized suspension with improved
printing, pyrolysis, and mechanical outcomes, the influence of printing parameters, including variable dwell times
and layer thicknesses were investigated for FLG powders only. The influence of increasing DT on mechanical
properties of FLG-reinforced graphene reinforced PDC ceramics is summarized in Figure 6. An example set of
representative stress-displacement for FLG-reinforced ceramics printed at 10um layer thickness are included, Figure
6a. For baseline, with no graphene, the test bar loaded to a maximum stress of 123MPa at 0.156mm displacement at
fracture. However, a decrease in both strength and stiffness is observed for graphene-reinforced bars. The FLG —
[3wt%] bar printed at the calibrated printing energy loaded to a maximum of 68MPa at 0.147mm displacement at
fracture. This represents an approximately 45% reduction in strength as compared to the baseline ceramic. This
reduced strength is a consequence of decreased green body conversion. It is well understood that increasing
graphene or other absorbent additives to photo-sensitive inks reduces UV penetration and therefore impacts green
body conversion [10,18,27,30,31]. This results in lower measured density of the final ceramic, despite the addition
of graphene. The lower measured yield, relative stiffness and lower strengths are attributed to higher defect density,
and a poor ceramic conversion because of sub-optimal green body cure. To combat the decay of mechanical
properties as a function of graphene-content, the per-layer dwell time (DT) was increased to the upper printable
limit, 140% of baseline. The upper printable limit was determined by systematically increasing the fixed per-layer
dwell time in 5% increments until consistent delamination or part failure was observed. From VPP printing theory,
there must be a small layer of under-polymerized material at the outer edge of each layer such that the next layer can
effectively bond [39] and with increasing exposure time this thickness of the unpolymerized material is
minimalized. Exposure must therefore be carefully calibrated given the pre-defined constraints of VPP to prevent
overcure and failure. Therefore, the graphene-enriched resin was exposed to the maximum per-layer dwell to
counteract the influence of reduced transmittance and lower polymerization depths caused by graphene.
Consequently, strength improved. An FLG — [3wt%] bar at 140% DT produces parts with improved strength of
95MPa, Figure 6a. This increase in strength was proportional to the increased dwell, or approximately 40% higher.
With the higher exposure profile, graphene-reinforced bars can be produced with minimally impacted mechanical
performance, within 10% of ultimate bending stress and displacement of baseline ceramic coupons. This is a critical
result, as it demonstrates that the increased carbon content is not solely to blame for decreased strength, but rather
decreased green body conversion also contributes to final ceramic performance. Our group has demonstrated the
same strength-exposure relationship for comparable polymer-derived ceramic systems in a previous work. This trend
extended to all tested layer thicknesses for graphene-reinforced parts, as seen in Figure 6b. Strengths increased with
increased per-layer dwell for all samples, bringing the average bending strengths of FLG-[3wt%] bars to parity with

baseline, within error.
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Figure 4-6. a), representative stress displacement curves for 3-point bend ceramic bars printed at 10um layer
thickness. b), bending strength as a function of layer thickness for 3 wt% graphene reinforced bars at different
exposure. ¢), Archimedes density of graphene reinforced ceramic bars as a function of printed layer thickness. d),
TGA of density of graphene reinforced ceramic bars as a function at different print exposure.

Similarly, in Figure 6¢ and Figure 6d, both the ceramic density and ceramic yield, as determined by TGA,
were impacted by increasing DT. An increase in density was observed for baseline ceramics without reinforcements,
increasing from 1.7 g/cc to 2.08 g/cc for 100um and 10um layer thickness, respectively. The increase in density is
due to the higher green body conversion, with increased exposure overlap for smaller layer heights [20,21,28,40].
Despite adding 3 wt% FLG to the reinforced ceramic, a large drop in density is observed, being on average 20%
lower than baseline. However, increasing exposure via increased layer DT increased the densities of reinforced parts
at all layer thicknesses. TGA revealed a similar trend, with lower yield for parts reinforced with 3wt% graphene, as
compared to baseline, 34% vs 43%, respectively. For parts with higher exposure, 140% DT, the TG yield increased
by approximately 20%, up to 41% yield, within error of unreinforced parts. Increasing crosslink density increases
yield in polymer-derived ceramics [20,21]. Constraining polymer flexibility via increased network conversion

results in higher mass retention and ultimately higher ceramic yield [20].

435Ra man

Raman spectroscopy was performed to gain some understanding of the phase of the free-carbon in the

graphene-reinforced SiOC ceramics. Figure 7 shows the as-received FLG with aGQD functionalization. The G peak
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at 1589cm™! peak is characterized by the sp? hybridized carbon and the D peak at 1330cm! is attributed the sp*
hybridization, or defects in the graphene sheets. This is consistent with literature [41]. As expected, with increased
carbon content, the appearance of the G band and the 2D band in concert is indicated by the presence of graphene-
like carbon [42] for the 3wt% FLG samples [43]. Identifying various carbon phases in the SiOC ceramic with
graphene-reinforcement via RAMAN spectroscopy is nontrivial. The graphitic domains that form under normal
pyrolysis conditions in the ceramic, along with other silicon and oxygen atoms can interfere with the measured G
peak [13]. Additionally, adding graphene to a ceramic with graphitic domains introduces additional phases of
carbon. RAMAN spectra of un-enriched SiOC baseline ceramics have well-defined D and G peaks, which are the
signature peaks of graphitic domains in RAMAN spectroscopy. Therefore, the D and G peaks in these samples are
not attributed to graphene reinforcement but rather the formation of graphitic domains during pyrolysis. For
graphene-enriched samples, the D, G, and 2D and D+G peaks become narrower and better resolved. It was
suspected that, due to the added graphene, more ordered carbon is present in the sample, leading to the change [12].
Some researchers have suggested that the presence of graphene in the ceramic matrix may increase the amount of

graphitic carbon in the material, resulting in more pronounced D and G peaks in Raman [44].
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Figure 4-7. Raman spectroscopy of SiOC ceramic(s) with graphene reinforcement.
536Ther mal and Electrical Performance

The electrical conductivity of if SiOC varies considerably in literature [45], from 102 S/m at up to 1 S/m at
room temperature [13,42,46]. Research has demonstrated that the electrical conductivity of SiOC ceramics depends
on the pyrolysis temperature [42], as well as the relative carbon content in the ceramic, with higher conductivity
reported for carbon-rich ceramics. The conductivity of the baseline SiOC ceramic measured 8.1x107 S/cm, Table 1.
We believe this to be due to the high carbon content in the baseline pyrolyzed ceramic, which was also seen in
RAMAN spectroscopy of the baseline material, see Figure 7. Graphitic domains likely form in the ceramic during

pyrolysis [12], leading to an increased conductivity with respect to standard SiOC [45,47].
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Table 4-1. Electrical conductivity as a function of graphene content.

Sample Conductivity
(Scm?)
SioC 81x10%+1.1x10%

SiOC - 0.1wt% FLG 9.3x102+1.3x10°
SiOC — 0.5wt% FLG 6.2x 101 +4.1x 102

SiOC — 1wt% FLG 1.52+0.17
SiOC — 1.5wt% FLG 1.61+0.22
SiOC - 2wit% FLG 1.64 +0.27
SiOC — 3wit% FLG 1.92+0.13

Considering the low conductivity of amorphous SiOC, it was concluded that the higher initial electrical
conductivity of our ceramic was due to the high free carbon content [10,44]. However, conductivity rose in a near
exponential fashion as a function of added graphene content, a trend that has been demonstrated in literature for
graphene-reinforced oxide ceramics. [10]. As graphene is introduced, the formation of more graphitic domains is
facilitated, and a loose conductive pathway begins to form [45]. The increased free carbon as a function of added
graphene was supported by RAMAN spectra, Figure 7. As further graphene content is introduced, the conductivity
plateaus, and it was concluded that a material-wide conductive network was established, leading to saturation. The
overall electrical conductivity is limited however, because the graphene is randomly dispersed in the green part
during printing and then pyrolyzed. The highest conductivity measured, 1.92 S cm™! was consistent with other
conductive ceramics [15,41,48]. Higher conductivities have been recorded for similar ceramic materials, especially
for those with highly porous structures [10]. However, mechanical strength is inversely proportional to graphene
content, especially for DLP processes [10,15,41]. As such, graphene content was limited to 3wt%, a limitation of the
printing process. Despite this, however, a relatively high electrical conductivity was achieved while preserving
mechanical bending strength. This was accomplished by increasing the print time, thus improving the matrix green
body conversion. This, in turn, resulted in improved ceramic mechanical strength while increasing electrical

properties with added graphene.
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Figure 4-8. Average temperature profile of SiOC and FLG-reinforced SiOC ceramic bars as a function of time,
cooled in air.

Figure 8 shows the average temperature profile of both SiOC and FLG-reinforced SiOC ceramic bars that
were heated to 500°C in an oven, removed and allowed to cool in air. Cooling of baseline ceramics was rapid,
cooling from 500°C to ambient temperature within 120s. Increased cooling rates were observed for FLG-reinforced
bars, cooling to room temperature in approximately 80s and 65s for 1wt% and 3wt% FLG samples, respectively. The
increase in graphene content leads to the increased cooling, or increased thermal conductivity, due to a higher
volume fraction of free carbon [10]. However, the magnitude of impact is difficult to ascertain. This is because
thermal properties of the ceramic depend on pyrolysis temperatures, chemical composition, relative volume of
graphitic carbon, ceramic crystallinity, and porosity. To ascertain the extent of improved thermal performance of

these graphene reinforced ceramics for industrial applications further testing is required.

44 Concl usi on

In this work, we improved the suspension of graphene-enriched preceramic resins via the functionalization
of FLG graphene powder and reported on their influence on mechanical properties of resultant ceramics.
Functionalized graphene decreased sedimentation rates, which resulted in considerable improvements in mechanical
properties and pyrolysis survival. Survival increased by up to 35% for higher fractions of functionalized FLG
graphene. Conversely, un-functionalized RGO resulted in significant settling during printing, resulting in poor inter-
layer adhesion, decreased pyrolysis survival and low mechanical strengths. Mechanical strengths were more
consistent for FLG with aGQD functionalization, with more consistent mechanical performance and improved inter-
layer adhesion. The mechanical properties of the DLP printed ceramic can be tuned by varying graphene content of
the preceramic ink. Electrical properties of the unreinforced ceramics were low, 8.1 x 10~ S/cm, but increased to a
maximum of 1.92 S/cm for only 3 wt% graphene. Thermal cooling performance showed measurable improvement

as a function of increased graphene content.

81



We reported that for our VPP preceramic resin, increasing graphene content has an inverse impact on
mechanical properties, namely flexural strength, density and stiffness. We hypothesized that the addition of highly
absorbent graphene adversely impacted green body cure, which resulted in poor ceramic conversion and diminished
mechanical properties. We further demonstrated for the first time that the influence of reduced green body
conversion was dominant, not the mere addition of graphene powders. We demonstrated that increasing green body
conversion via optimized print parameters and exposure during printing, for graphene enriched resin, improved
mechanical properties of the composite ceramics, nearly achieving parity with the baseline, unenriched material. The
improved mechanical properties were attributed to improved green body conversion, rather than the influence of
added graphene. This is significant, as the optimized Graphene/SiOC ceramics had improved thermal and electrical
properties without degraded mechanical and material properties, which are common for graphene-reinforced
ceramics. The methods developed in this work can be applied to processing enriched VPP ceramic resins to improve
pyrolysis outcomes and mechanical properties and are therefore broadly applicable to AM polymer-derived

ceramics.
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CHAPTER 5. SUPPLEMENT: 3D PRINTING OF SiOC TURBINE VANES
5.1 Develop AM Methodology for DLP printing of Baseline

5.1.3 Resin Modifications

Improving the manufacturability of PDC turbine blades by making modifications to the Wyoming EA resin
was necessary to improve both pyrolysis and printing outcomes. Wyoming EA is comprised of four constituents:
vinylmethoxysiloxane or VMS, (Poly(ethylene glycol)-diacrylate or PEGDA, as well as a photoinitiator and free
radical scavenger needed for photopolymerization during 3D printing. Initially, the two major constituents, VMS
and PEGDA were mixed in equal parts by mass, or a 1:1 ratio. This was done to maximize several printing
parameters including dimensionality and layer adhesion. The use of Wyoming EA resulted in a small number of
successfully printed and pyrolyzed blades. However, a major challenge with Wyoming EA was a relatively low part
survival post-pyrolysis. Part failures due to cracking and warping during the pyrolysis step of blade and test bar

manufacture. Post-pyrolysis, only approximately 35% of blades survived, or had minimal cracking or warpage.

Figure 5-4. Streaks on Blades.
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This poor conversion can be seen visually (Figure 5-4) when comparing several prints from the same resin
batch. Early prints are opaque, and usually had sufficient cross-link density to pyrolyze successfully, however as the
resin is consumed and the PEGDA content decreases, the prints develop a translucent appearance. Translucent prints

showed lower pyrolysis success and FTIR revealed much lower cross-linking with VMS.

Resin Chemical Compositions

Chem. Mole Ratio Constituent Mole Fraction
Resin Name VMS PEGDA VMS PEGDA  FRS PI
a) 1:2 VMS:PEGDA 1 2 33.15 66.31 0.3 024
b) 3:4 VMS:PEGDA 3 4 42.61 56.81 0.32 0.26

Figure 5-5. Comparison of 1:2 VMS:PEGDA and 3:4 VMS:PEGDA mole ratio on green bodies of turbine vanes.

To improve consistent cross-linking of the chemical constituents in the printable resin, the relative ratio of
the two chemicals were systematically changed. EA, the resin profile developed by Brinckmann et.al, used a ratio of
1:1 VMS:PEGDA by mass. As such, the ratio of the two chemicals was systematically increased and decreased in
effort to maximize two desired outcomes: printability and probable pyrolysis survival. Increase relative
concentration of the crosslinker PEGDA to 2:3 VMS:PEGDA. By increasing PEGDA the parts became translucent,
with high relative intensity of C=C bonds in FTIR and limited bonding with VMS (Figure 5-6). Consequently, the
PEGDA-rich samples had poor pyrolysis success, at <20%. During the ceramic conversion, the tendency of these
parts to fracture and disintegrate into small fragments suggest poor polymer crosslinking with the silicon-containing
backbone in the green body, reinforcing FTIR results. FTIR was employed to measure the changes in bonds within
the polymer structure as a function of print exposure. Figure 9 shows FTIR spectra for representative polymer green
bodies printed with a VMS-rich resin and a PEGDA rich resin. The observed peaks for all spectra correspond to
characteristic functional groups (Figure 9): C-H band from (2842 to 2948 cm-1); C=0 band peak at 1727 cm-1; C=C
present in the vinyl group in VMS at 1637 cm-1; acrylate groups C=C and CH3 at 1407 cm-1; Si-O-Si peak
measured at 1191 cm-1; Si-O-C peak at 1081 cm-1; Si-C peak(s) at 968 cm-1. These bonds are present in the base
resin system before printing and polymerization. For this specific system, the VMS contains a Si-O-C backbone

which is crosslinked by the acrylate PEGDA through C=C bonds via active acrylate bonds. Due to their reaction
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rates, photoiniated acrylate systems are highly desirable in VPP, as they rapidly cure with a high rate of conversion.
Qualitatively, the C=C intensity on FTIR spectra is a measure of conversion of the resin in 3D printed parts.
Critically, the C=C peak at 1637 cm-1 is diminished for the higher exposure, 140% baseline, and is higher for 60%
baseline. Therefore, given this qualitative relationship, a higher conversion is assumed in parts with higher exposure.
The difference in relative peaks suggests a higher percentage of conversion in the 140% baseline case. The
disparity in C=C bonds as a function of energy during printing is highlighted in Figure 6. With fewer C=C bonds at
1637 cm-1 for the highest energy level at 140% dwell, it can be assumed that more VMS oligomers are crosslinked,
which translates to better ceramic formation in pyrolysis. Conversely, a higher C=C intensity for the lower energy

level, 60% dwell, suggests that there are fewer crosslinked VMS oligomers.
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Figure 5-6. Decrease in relative intensity of C=C bonds from the acrylate groups in better cross-linked parts. This
suggests better conversion.

Decreasing the relative concentration of the crosslinker PEGDA to 3:2 VMS:PEGDA had more favorable
outcomes. The resulted in consistent opaque green bodies throughout, with marked pyrolysis success for small parts,
Figure 6-8,10. These ceramics showed uniform shrinkage, high dimensionality and minimal surface cracking. It
should also be noted that parts maintained comparable stiffness and strength in green body and ceramic parts for un-

processed bars but with dramatically improved pyrolysis outcomes for small parts.
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Figure 5-7. a), Green bodies printed with EA resin showing translucence and poor pyrolysis success evidenced by
cracking and warping. b), Green bodies printed with EA-2 resin showing consistent opacity and consistent pyrolysis.

¢), Pyrolysis survival of rectangular polymer bars printed with a 50um layer thickness with increasing cross-
sections.
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Figure 5-8. a) 1:2 VMS:PEGDA bars showing inconsistent opacity next to uniformily opaque 3:2 VMS:PEGDA
bars. b) Impoved pyrolysis survival for 3:2 VMS:PEGDA due to improved preceramic composition.

As can be seen in Figure(s) 5-8, preliminary tests comparing EA and EA-2 showed that bars printed with
EA-2 resulted in no cracking or significant warpage. Polymer bars of varying cross-sections were also printed to
highlight this improvement over a range of sizes. Wyoming EA-2 outperformed EA for all part sizes when
comparing part survival. For parts with cross-sectional areas less than 4mm? over 90% part success is observed. By
utilizing several UV post-curing techniques outlined by ASIGA and an intermediate heat-treatment that has been
discussed in previous reports, the success for parts with a cross-sectional area less than 5mm? have shown to survive
pyrolysis at nearly 100%.

Relative concentration of the crosslinker PEGDA was further reduced to 2:1 VMS:PEGDA This chemical

ratio represents the upper-limit of printability, due to very low crosslinker. Beyond this point, print dimensionality is
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compromised and the further reduction in the concentration of the crosslinker results in an inability to consistently
achieve layer-adhesion in printing, resulting in total print failure. Limited testing showed slightly lower ceramic
bending strength as compared to parts printed using 3:2 VMS:PEGDA. With decreased PEGDA, print times
increased, as the reaction rate slows, and printing parameters became more difficult to calibrate. Due to these issues,
it was determined that the ratio 3:2 VMS:PEGDA was optimal for this system. Recalibration of all working curves,
i.e. E-C curves, was necessary to optimize exposure as critical exposure goes down with increased PEGDA.

In summary, to improve the quality of the final ceramic part, some modifications to Wyoming EA were
necessary. FTIR and other analyses revealed that during printing, some VMS was not cross-linking with PEGDA,
rather PEGDA was likely preferentially self-polymerizing, due to its higher relative reactivity. This resulted in a
poorly crosslinked part, evidenced by the poor ceramic blade survival. To compensate, the weight ratio of VMS:
PEGDA was increased from 1:1 to 3:2 by mass, in effort to promote crosslinking with VMS. This new resin profile,
named EA-2, yielded significant improvements in part survival in pyrolysis. This improvement was reflected in

improved pyolryis outcomes for turbine vanes printed and pyrolyzed for testing in a linear cascade, Figure 5-9.

Figure 5-9. EA1 vs EA2 Resin Blades.
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5.12mproving Manufacturing Outcomes

In order to ensure consistent part dimensions post-pyrolysis, careful control of the workflow was required.
The two most critical components were controling the ratio of chemical constituents, VMS:PEGDA, as well as
maintaining correct thermal isotherm during pyrolysis. As decribed previously, increasing the relative concnetration
of the backbone-containing monomer VMS resulted in lower shrinkage, and higher ceramic yield. Increasing the
relative concentration of VMS resulted in a part with lower overall shrinkage. Figure 3-14 illustrates the variability
of fitment as a function of mis-calibrated resin mixture or pyrolysis temperature. Figure 3-14a shows a propertly
fitted blade fixed to an experimental cascade. Figure 6-10b-c (1) shows a mis-aligned blade due to excessive
shrinkage; 1:1 VMS:PEGDA recipe is shown here, with approximately 10% more shrinkage as compared to 3:2
VMS:PEGDA (2). In Figure 6-14b (3), a blade that did not reach projected pyrolysis temperatures (1000°C) is
included. A failed o-ring which allowed unmetered oxygen into the tube furnace was suspected to cause both

oxidation (irregular colartion) and decreased the internal temperature at the thermal couple by approximately 250°C.

() @

Figure 5-10. Fitment issues with blades.

Also, given the same resin makeup, pyrolysis conditions and post-processing, isotropic shrinkage is
expected. Therefore, irrespective of print geometry, surface topology, and part span, all vanes with the same cross-

section will produce the same final cross-sectional footprint, Figure 5-11.

Figure 5-11. Image of old blade design(s) with the original span of 0.7 in, with the new maximized blade span
dimensions of 1.4 in.

Printing of baseline geometry resulted in characteristic cracking and warping. This was a major challenge

in developing large-scale printed parts. Images highlighting these failures are included in Figure 5-12. It should be
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noted that all these blades (Figure 5-12) were printed using a 3:4 VMS:PEGDA resin, were printed and then

immediately pyrolyzed to a ceramic without further processing.
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Figure 5-12. Representative turbine vane damage post-pyrolysis.

5.13mproving Manufactur-Pmgc ®udsicoognes via Post

To combat these failures, the methodology developed in Chapter 2 was applied to the printed vanes. Vanes
were printed, removed from the print vat and cleaned with isopropanol. Once cleaned, parts were placed in a UV
oven for 20 minutes to promote further crosslinking of unreacted material on or near the surface of the part. Once
UV post-cured, parts were then submerged in a toluene bath and agitated on a shaker table for 2 hours. After
soaking, parts were removed from the solvent bath and allowed to dry. These parts were then immediately pyrolyzed
to a ceramic at 1000°C. This process was defined as Process C, as detailed in Chapter 2. As described previously, the
removal of unreacted material in a solvent bath coupled with a surface cure resulted in significantly higher pyrolysis
survival of printed blades. These blades had fewer instances of defects, including cracking, warping and fracture,
despite their larger sizes. Critically, complex geometries, including fine shower-head hole cascades, complex cooling
geometries and non-uniform walls were all printable without excessive warping or cracking. This represents a leap
in additively manufacturable PDCs, as large parts have heretofore been unprintable. See examples of printed blades

in Figure 5-13.
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Figure 5-13. Representative images of survived blades of various internal geometries.
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CHAPTER 6. CONCLUSION

The objective of this research was to investigate additive manufacturing of polymer-derived ceramic (PDC)
parts and to develop prototype PDC turbine vanes as part of a broader research project. To facilitate additive
manufacturing of complex, full-size PDCs, several weaknesses facing the use of polymer derived ceramics were
addressed. Specifically, low mechanical strength, low ceramic yield, poor manufacturability and low thermal
conductivity were investigated for these PDC vanes in effort to maximize their potential.

Chapter 2 of the study investigated the impact of post-processing on the manufacturability of PDC parts.
Specifically, post-processing was implemented to enhance cross-linking and remove unreacted monomers and
partially reacted oligomers from green bodies, aiming to mitigate warping and fracture during pyrolysis. Following
post-processing, test bars subjected to this treatment exhibited notably higher pyrolysis survival rates (>95%)
compared to untreated bars (40%). Additionally, the treated bars demonstrated superior mechanical properties,
including a flexural strength of 56.7+4 MPa and a ceramic yield of 53%, in contrast to untreated bars with an
average strength of 25.143 MPa and a lower ceramic yield of 28%. The processing techniques employed in this
investigation enabled the fabrication of a geometrically intricate full-size turbine vane featuring optimized
transpiration cooling and shape-optimized internal cooling, thereby overcoming geometric constraints associated
with PDC parts.

In Chapter 3, it was demonstrated that the mechanical properties of ceramic components fabricated through
three-dimensional (3D) printing of polymer-derived ceramics (PDCs) are significantly influenced by the conversion
process occurring in the green body stage, a phenomenon governed by various printing parameters. Employing the
combination of the smallest achievable layer height and the maximum allowable dwell time, constrained within the
operational limits of digital light processing (DLP) technology, yielded green bodies exhibiting heightened
conversion rates. Consequently, this approach led to enhanced outcomes in terms of pyrolysis behavior,
manufacturability, and, notably, ceramic strengths comparable to those of conventionally manufactured silicon
oxycarbide (SiOC) PDCs. Notably, an increase in print duration resulted in a proportional augmentation in ceramic
flexural strength, with a 10% prolongation in print time correlating to an approximate 10% enhancement in strength.
Conversely, reducing the layer thickness exerted a more profound effect, amplifying flexural strength by over
sixfold, escalating from 18 MPa at a 100-micrometer (um) layer thickness to 111 MPa at a 10 um layer thickness.
Furthermore, the stiffness and density of the PDCs exhibited a commensurate augmentation with exposure duration.
These findings signify a substantial enhancement in the mechanical properties of PDCs fabricated via DLP,
surpassing previous endeavors utilizing similar SiOC preceramic resin formulations by more than twofold. It was
inferred that the optimization of conversion processes throughout the green body stage positively influenced the
properties of the resulting ceramics. Notably, achieving maximal mechanical properties of DLP-printed PDCs
necessitated meticulous calibration of printing parameters, often demanding exposures exceeding those typically
prescribed by standard calibration protocols. Moreover, the printing of preceramic resins and subsequent post-
processing steps, encompassing photo-curing or thermal curing, alongside the pyrolysis conditions, warrants careful
consideration to minimize print duration, maximize ceramic yield, and tailor mechanical properties to align with

those achievable through traditional manufacturing techniques. The enhancement of ceramic properties via green

94



body optimization holds broad applicability across other printable PDCs and serves to narrow the performance gap
between traditional and additive manufacturing (AM) of polymer-derived ceramics. Consequently, this approach
avails the benefits of intricate geometries unique to 3D printing while fulfilling the requisites of demanding
mechanical properties.

In Chapter 4, describes enhanced suspension characteristics of preceramic resins enriched with graphene by
functionalizing FLG (Few-Layer Graphene) powder and investigated their impact on the mechanical properties of
resultant ceramics. The functionalization of graphene led to a reduction in sedimentation rates, resulting in
significant enhancements in mechanical properties and survival rates during pyrolysis. Pyrolysis survival rates
increased by up to 35% with higher fractions of functionalized FLG graphene. In contrast, unfunctionalized Reduced
Graphene Oxide (RGO) exhibited substantial settling during printing, leading to poor inter-layer adhesion,
diminished pyrolysis survival, and decreased mechanical strengths. FLG with aGQD (amine-functionalized
graphene quantum dots) functionalization demonstrated more consistent mechanical performance and improved
inter-layer adhesion. The mechanical properties of DLP printed ceramics can be adjusted by varying the graphene
content in the preceramic ink. The electrical properties of the unreinforced ceramics were initially low at 8.1 x 1073
S/cm but increased to a maximum of 1.92 S/cm with only 3 wt% graphene. Additionally, thermal conductivity
exhibited measurable improvements with increasing graphene content. Importantly, our findings revealed that in our
preceramic resin system, increasing graphene content inversely affected mechanical properties, namely flexural
strength, density, and stiffness. We proposed that the addition of highly absorbent graphene adversely affected the
curing process of the green body, resulting in poor ceramic conversion and diminished mechanical properties.
Furthermore, we hypothesized that the primary influence was the reduced conversion of the green body rather than
the mere addition of graphene powders. Through optimized print parameters and exposure during printing, we
demonstrated that increasing green body conversion for graphene-enriched resin improved the mechanical properties
of the composite ceramics, nearly reaching parity with the baseline, unenriched material. This improvement in
mechanical properties was primarily attributed to enhanced green body conversion rather than the influence of added
graphene. These findings are significant as the optimized Graphene/SiOC ceramics exhibited improved thermal and
electrical properties without compromising mechanical and material properties, which are often observed in
graphene-reinforced ceramics. The methodologies developed in this study can be applied to process enriched VPP
ceramic resins to enhance pyrolysis outcomes and mechanical properties, thus offering broad applicability to
additive manufacturing of polymer-derived ceramics.

One of the factors preventing PDCs from achieving broader applications is the extreme difficulty associated
with pyrolyzing large parts. As such, to date, PDCs have been primarily utilizes as thin films, coatings, or in very
small parts with fine features (sub-mm). The broader focus of the work presented here was to understand the
fundamental mechanisms at play that limit the utility of PDCs, and develop methodologies to allow for the
manufacture of larger PDC parts. Using the methodologies developed in this work, full-size C3X turbine vanes were
manufactured from a PDC. This represents a leap in additively manufacturable PDCs, as large parts have heretofore

been unprintable.
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