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Investigation of Crosslinked Network Design and Light Scattering
Modeling in Support of Vat Photopolymerization of High-Performance

Materials

Keyton D. Feller

(ABSTRACT)

The reliance on low-viscosity and photoactive resins limits the accessible properties
for vat photopolymerization (VP) materials required for engineering applications. This has
limited the adoption of VP for producing end-use parts, which typically require high MW
polymers and /or more stable chemical functionality. Decoupling the viscosity and molecular
weight relationship for VP resins has been completed recently for polyimides and high-
performance elastomers by photocuring a scaffold around polymer precursors or polymer
nanoparticles, respectively. Both of these materials are first shaped by printing a green part
followed by thermal post-processing to achieve the final part properties. This dissertation
focuses on improving the processability of these material systems by (i) investigating the
impact of scaffold architecture and polysalt monomer composition on photocuring, ther-
mal post-processing, and resulting thermomechanical properties and (ii) developing a Monte
Carlo ray-tracing (MCRT) simulation to predict light scattering and photocuring behavior
in particle-filled resins, specifically zinc oxide nanoparticles in a rigid polyester resin and
styrene butadiene rubber latex resin.

The first portion of the dissertation introduces VP of a tetra-acid and half-ester-based
polysalt resin derived from 4,4’-oxydiphthalic anhydride and 4,4-oxydianiline (ODPA-ODA),

a fully aromatic polyimide with high glass transition temperature and thermal stability. This



polyimide, and polyimides like this, find use in demanding industries such as aerospace, au-
tomotive and electronic applications. The author evaluated the hypothesis that a non-bound
triethylene glycol dimethacrylate (TEGDMA) scaffold would facilitate more efficient scaffold
burnout and thus achieve parts with reduced off-gassing potential at elevated temperatures.
Both resins demonstrated photocuring and were able to print solid and complex latticed
parts. When thermally processed to 400 °C, only 3% of the TEGDMA scaffold remained
within the final parts. The half-ester resin exhibits higher char yield, resulting from partial
degradation of the polyimide backbone, potentially caused by lack of solvent retention lim-
iting the imidization conversion. The tetra-acid exhibits a T, of 260°C, while the half-ester
displays a higher T, of 380 °C caused by the degradation of the polymer backbone, forming
residual char, restricting chain mobility. Solid parts displayed a phase-separated morphology
while the half-ester latticed parts appear solid, indicating solvent removal occurs faster in the
half-ester composition, presumably due to reduced polar acid functionality. This platform
and scaffold architecture enables a modular approach to produce novel and easily customiz-
able UV-curable polyimides to easily increase the variety of polyimides and the accessible
properties of printed polyimides through VP.

The second section of this dissertation describes the creation and validation of a MCRT
simulation to predict light scattering and the resulting photocured shape of a ZnO-filled resin
nanocomposite. Relative to prior MCRT simulations in the literature, this approach requires
only simple, easily acquired inputs gathered from dynamic light scattering, refractometry,
UV-vis spectroscopy, beam profilometry, and VP working curves to produce 2D exposure
distributions. The concentration of 20 nm ZnO varied from 1 to 5 vol% and was exposed to
a 7X7 pixel square ( 250 um) from 5 to 11 s. Compared to experimentally produced cure
profiles, the MCRT simulation is shown to predict cure depth within 10% (15 gm) and cure
widths within 30% (20 pm), below the controllable resolution of the printer. Despite this

success, this study was limited to small particles and low loadings to avoid polycrystalline



particles and maintain dispersion stability for the duration of the experiments.

Expanding the MCRT simulation to latex-based resins which are comprised of poly-
mer nanoparticles that are amorphous, homogeneous, and colloidally stable. This allows
for validating the MCRT with larger particles (100 nm) at higher loadings. Simulated cure
profiles of styrene-butadiene rubber (SBR) loadings from 5 vol% to 25 vol% predicted cure
depths within 20% ( pm) and cure widths within 50% ( pm) of experimental values. The
error observed within the latex-based resin is significantly higher than in the ZnO resin and
potentially caused by the green part shrinking due to evaporation of the resin’s water, which
leads to errors when trying to experimentally measure the cure profiles.

This dissertation demonstrates the development of novel and functional materials and
creation process-related improvements. Specifically, this dissertation presents a materials
platform for the future development of unique photocurable engineering polymers and a

corresponding physics-based model to aid in processing.
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(GENERAL AUDIENCE ABSTRACT)

Vat Photopolymerization (VP) is a 3D printing process that uses ultraviolet (UV)
light to selectively cure liquid photosensitive resin into a solid part in a layer-by-layer fash-
ion. Parts produced with VP exhibit a smooth surface finish and fine features of less than
100 pm (i.e., width of human hair). Recoating the liquid resin for each layer limits VP to
low-viscosity resins, thus limiting the molecular weight (and thus performance) of the printed
polymers accessible. Materials that are low molecular weight are limited in achieving desir-
able properties, such as elongation, strength, and heat resistance. Solvent-based resins, such
as polysalt and latex resins have demonstrated the ability to decouple the viscosity and molec-
ular weight relationship by eliminating polymer entanglements using low-molecular-weight
precursors or isolating high-molecular-weight polymers into particles. This dissertation fo-
cuses on expanding and improving the printability of these methods.

The second chapter of the dissertation investigates the impact of scaffold architecture
in printing polyimide polysalts to improve scaffold burnout. Polysalts are polymers that ex-
ist as dissolved salts in solution, with each monomer holding two electronic charges. When
heated, the solvent evaporates and the monomers react to form a high molecular-weight poly-
mer. While previous work featured a polysalt that was covalently bonded to the monomers,
the polysalt in this work is made printable by co-dissolving a scaffold. The polysalt resins are

photocured and thermally processed to polymerize and imidize into a high-molecular-weight



polymer, while simultaneously pyrolyzing the scaffold. Using a co-dissolved scaffold allows
the investigation of two different monomers of tetra-acid and half-ester functionality. The
half-ester composition underwent degradation during heating, increasing the printed parts’
glass transition or softening point. The scaffold had little impact on the polysalt polymer-
ization or final part properties and was efficiently removed, with only 3% remaining in final
parts. The composition and properties of the monomers selected played a bigger role due
to partial degradation altering the properties of the final parts. Overall, this platform and
scaffold architecture allows for a larger number of polyimides to be accessible and easily
customizable for future VP demands.

The third chapter describes the challenges of processing photocurable resins that con-
tain particles due to the UV light scattering in the resin vat during printing. When the light
from the printer hits a particle, it is scattered in all directions causing the layer shape to be
distorted from the designed shape. To overcome this, a Monte Carlo ray-tracing (MCRT)
simulation was developed to mimic light rays scattering within the resin vat. The simulation
was validated by comparing simulation results against experiment trials of photocuring resins
containing 20nm zinc oxide (ZnO) nanoparticles. The MCRT simulation predicted all the
experimental cure depths within 10% (20 pm) and cured widths within 30% (15 pm) error.
Despite the high accuracy, this study was limited to small particles and low concentrations.
Simulating larger particles is difficult as the simulation assumes each particle to be uniform
throughout its volume, which is atypical of large ceramic particles.

The fourth chapter enables high particle volume loading by using a highly stretchable
styrene-butadiene rubber (SBR) latex-based resin. Latex-based resins maintain low viscosity
by separating large polymer chains into nano-particles that are noncrystalline and uniform.
When the chains are separated, they cannot interact or entangle, keeping the viscosity low
even at high concentrations (>30 vol%). Like the ZnO-filled resin, the latex resin is exper-

imentally cured and the MCRT simulation predicts the resulting cure shape. The MCRT



simulation predicted cure depths within 20% (100 pm) and over-cure widths within 50% (100
pum) of experimental values. This error is substantially higher than the ZnO work and is
believed to be caused by the water evaporating from the cured resin resulting in inconsistent

measurements of the cured dimensions.
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Chapter 1

Introduction

Vat Photopolymerization (VP) is a high-resolution additive manufacturing (AM) pro-
cess in which ultraviolet (UV) light selectively irradiates photosensitive resin in a layer-by-
layer fashion. The process begins by positioning the build stage in the vat where it is covered
by one layer thickness (50-100 um) of resin. This layer is selectively irradiated by UV light,
causing the exposed regions to undergo a free radical polymerization/crosslinking reaction,
converting the liquid resin into a solid part, a process referred to as curing. This first layer
adheres to the build stage through the duration of the print. In top-down VP, the build
stage descends one layer thickness lower into the vat to allow the liquid resin to recoat the
previous layer. This new layer is exposed, fusing it to the previous layer. This process is
repeated until the part(s) is complete. VP printers used in this dissertation utilize either
a UV mercury bulb or UV LED as their energy source, a process called projection VP.
Projection-based VP printers’ high level of selectivity is enabled through the use of a digital
mask, typically a digital micromirror device (DMD) or liquid crystal display (LCD). These
masks modulate which pixels are on or off, thus defining which voxel will be cured within
the vat. The schematic diagram of a top-down mask projection VP printer is displayed in

Figure 1.1.
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uv
Projector

Resin

Resin Vat

Z-Axis
Elevator

Figure 1.1: Schematic diagram of common VP embodiment of Mask Projection VP system.

Once the light reaches the resin surface, the photons collide with photoinitiators causing
photolysis and producing two free radicals. The free radicals react with photocurable groups,
such as acrylic, vinyl, or thiol-based monomers or oligomers, initiating polymerization. The

radical is transferred to the front of the chain and propagation of the polymer continues.

In order for a material to be printable in VP, a crosslinking mechanism is needed.
Traditionally, the photocurable monomers are difunctional, enabling linear polymer chains
to crosslink together forming a solid part. Other approaches include physical crosslinks such
as pendent ionic groups or hydrogen bonding. Many VP resin systems exhibit high crosslink

density, resulting in brittle behavior. Additives, fillers, and other polymers are added into



resins to influence the final part properties. When the resin contains other non-photoreactive

species, the photocurable network is referred to as the scaffold.

VP has found commercial applications in rapid prototyping, rapid tooling (e.g., ther-
moforming molds, and sacrificial patterns for investment and lost wax casting), and the
manufacture of consumer products. While these applications leverage the high resolution of
VP, the parts used are either sacrificial tooling or non-load-bearing components due to the

poor mechanical and thermal properties of current materials produced with VP.

Acquiring high-performance properties in polymers has been achieved through crosslink-
ing an acrylate network around a non-photocurable polymer within a solvent. The resulting
part is a solvent-laden gel, which is then thermally post-processed to remove the solvent
and /or the scaffold which allows the desired properties to be obtained. Gel-based printing
has enabled the fabrication of multiple high-performance materials such as polyimides][1]
and elastomers[2, 3]. However, these gel-based printing methods have tradeoffs that hinder
processability. Polyimide resins rely upon a bonded scaffold, which is difficult to remove
from the final part. This dissertation focuses on improving these tradeoffs by investigating a
novel non-bound scaffold architecture to improve scaffold burnout in photocurable polyimide

resins (Research Gap 1.1.1)

High-performance properties can also be acquired by filling the resin with particles
to produce nanocomposites[4], ceramic[5], and elastomeric[2, 3] parts. Particle-filled resins
suffer from reduced resolution due to light scattering of the filler reducing the resolution of
the printer. This dissertation focuses on the development of a light scattering simulation
to predict the photocuring behavior and cured shape of particle-filled resins (Research Gap
1.1.2).
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1.1 Research Gaps

1.1.1 Gap 1: Limited investigation on polysalt scaffold architec-

ture

Aromatic polyimides are a class of performance polymers that exhibit high thermal
stability due to their rigid backbone. Polyimides are made photocurable and printable by
dissolving polyimide precursor polymers functionalized with photopolymerizable moieties.
Unfortunately, these polyimide precursors are difficult to process using VP due to the high
resin viscosity at low loadings (15 wt%)[6]. While printable at these viscosities, the high

solvent content causes high shrinkage (53%).

Recently a polysalt method was developed that leveraged polyimide dianhydride monomers
covalently bonded with acrylates, creating acid-acrylate functionality[1]. When co-dissolved
with diamine monomers, the acid and amine groups react to form an ammonium-carboxylate
salt, creating a photocurable salt-bridged polymer, or polysalt. The polysalt platform decou-
ples the viscosity and molecular weight relationship through the supramolecular monomer
salts[1]. The polysalt resin exhibits low viscosity (1 Pa-s) even at high solids loadings (50
wt%), as the resin is comprised of small molecules. Upon thermal processing, the solvent
evaporates and the monomers polymerize and subsequently imidize resulting in linear shrink-

age of only 26%.

The polysalt, and all previous VP polyimide printing methods, currently rely on a
covalent or ionic photocurable scaffold bound to the polyimide monomer/backbone. This
scaffold architecture has demonstrated limited success in being removed from the printed
parts during post-processing, with most methods only removing 25%][1] or less[7, 8, 9, 10, 11].

This is due to the use of scaffolds that char and do not volatilize at the post-processing
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temperatures.

In this work, the author explores an extension of the polysalt approach wherein a
non-bound scaffold is co-dissolved with the polyimide monomers. Unbound scaffolds allow
the formation of a crosslinked network without the influence of the polysalt monomers while
exhibiting thermal degradation behavior which closely mimics that of a neat scaffold sample.
The author hypothesizes that using an unbound scaffold will facilitate more efficient scaffold
burnout and less scaffold remaining within the final part. Additionally, not having a scaffold
attached to the monomer opens the site, typically the anhydride monomer, to new chemical

functionalities to tune the polymerization and imidization reaction.

This dissertation presents an investigation of using a non-bound triethylene glycol
dimethacrylate (TEGDMA) scaffold within a 4,4’-oxydiphthalic anhydride and 4,4-oxydianiline
(ODPA-ODA) polysalt resin. Two different monomer compositions are studied, half-ester
and tetra-acid, to determine the impact of the scaffold and monomer composition on pho-

tocuring, post-processing, morphology, and resulting thermomechanical properties.

1.1.2 Gap 2: Limited resolution of particle-filled VP resins

VP resins filled with particles provide access to mechanical and functional properties
that traditional resins are unable to achieve. Most notably the fabrication of printed ceramic
parts[12, 13, 14, 15, 16], composite parts[4, 17], and latex-based resins|2, 3]. However, the
dispersed particles cause an adverse effect of light scattering, which redistributes the light
energy within the vat. This reduces cure depth and increases cure width, thus reducing
the printing resolution[18], as displayed schematically in Figure 1.2. This creates a trade-off
between material properties and spatial resolution. The trade-off worsens as the filler loading,
particle size, and/or refractive index difference increases. Commercial resin manufacturers

tend to minimize these factors by using ceramics with low refractive indexes, such as silica[5]
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and alumina[19]. Still, higher refractive materials have yet to reach the commercial market

due to light scattering.

A A A

Figure 1.2: Schematic diagram of layers becoming shallower and wider as particle volume
loading of the resin increases, which increases UV scattering in the vat.

Prediction of the scattering behavior allows for the redistributed energy to be corrected
and parts to be printed at higher resolution. Over the past 30 years, numerous models have
been proposed to describe the scattering and absorption of filled systems. Three types of
approaches have been attempted: computer vision corrections[2], empirical relationships[18,
20, 21, 22, 23], and simulations|24, 25]. However, all of the proposed models require either
the fabrication of filled resins to produce an empirical model or require difficult experiments
to determine specific optical properties of the resin. This dissertation demonstrates a Monte
Carlo ray-tracing (MCRT) simulation that utilizes intrinsic resin properties to predict the
scattering behavior and the resultant photocuring behavior to predict the cured shape of a

given layer.

1.2 Research Goals and Roadmap

The comprehensive research goal of this dissertation is to enhance VP’s
ability to print high-performance materials. In order to accomplish this, the afore-
mentioned research gaps are addressed by (1) Developing and investigating a modular polysalt

approach that leverages a nonbound scaffold and (2) Developing a ray tracing simulation to
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predict light scattering and photocuring behavior of particle-filled resins. To this end, Re-
search Objective 1 investigates the impact of monomer composition and scaffold architecture
on photocuring, thermal post-processing, morphology, and thermomechanical properties.
Research Objectives 2 and 3 investigate the feasibility of a ray-tracing-based simulation to
predict the layer shape of scattering resins. The research questions driving the synthesis of

new VP resins and modeling efforts are presented in Sections 1.2.1-1.2.3.

1.2.1 Research Objective 1

To address the limited material and material properties accessible as VP resins, the
author presents a novel method of printing polyimide polysalt resin using a non-bonded
scaffold architecture in a 4,4’-oxydiphthalic anhydride and 4,4-oxydianiline (ODPA-ODA)
resins. Previous printing attempts of polyimides require a dedicated photocurable scaffold
covalently attached to the polyimide backbone. The scaffold requires a dedicated synthetic
step and is difficult to remove due to the increased thermal stability of the connected poly-
imide.

With the discovery of polysalt resins, the scaffold is no longer required to be connected
to achieve sufficient modulus during printing. Without the covalent scaffold, monomer com-
position is able to be altered from either an acid or half-ester monomer composition. This
enables the investigation of the scaffold architecture and monomer composition and the im-
pacts on photocuring, polymerization, imidization, and the resulting final part properties.

The research objectives of this investigation are shown in Table 1.1.
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Table 1.1: Research Objective (RO) 1 and its developmental objective (DO) and driving
research questions (RQ).

RO1 | Investigate the influence of scaffold architecture and monomer com-

position in polysalt-polyimide resins (Chapter 2)

RQ1.1 | How does incorporating a non-bonded scaffold influence photocuring and the
printing of complex parts?
RQ1.2 | How does a scaffold with low thermal stability affect burnout and thermal

properties?

RQ1.3 | How is morphology affected during the imidization protocol?

In Chapter 2, the printing of a polyimide polysalt resin using a non-bonded crosslinker
and monomer composition is explored. Properties of geometric fidelity during post-processing,
thermal stability, morphology, and thermomechanical behavior are examined. The material
platform developed offers increased modularity and faster resin formulation time for the

further development of a wider variety of polysalt resins.

1.2.2 Research Objective 2

To address the larger scattering seen in high-refractive ceramics used to print nano-
composites, the authors present a Monte Carlo ray-tracing simulation that simulates the
scattering and absorption from the matrix and particles to produce the layer shape. This
model requires only simple material parameters to perform the simulation and without ever
needing to fabricate the filled resin of interest. Unlike previous models that require analytical
descriptions, this simulation operates upon purely numerical data to enable the use of any
particle size distribution and light source distribution, which is desirable for DLP projectors

that do not exhibit a Gaussian distribution.

Validation of this simulation was performed by comparing the simulated and experi-



1.2. RESEARCH GOALS AND RoADMAP 9

mental results of photocurable ZnO-filled resins. The research questions driving this research

objective are shown in Table 1.2

Table 1.2: Research Objective (RO) 2 and its developmental objective (DO) and driving
research question (RQ).

RO2 | Model and predict cure profile shape of ceramic filled resins using

Monte Carlo ray-tracing simulation (Chapter 3)

DO2 | Develop a Monte Carlo ray-tracing simulation to model the light scattering
behavior of photocurable resins containing polydisperse particles and volume-
dependent light scattering.

RQ2 | What is the accuracy of the MCRT simulation when photocuring of ZnO-filled

resins?

In Chapter 3, difficulties in photocuring light scattering resins are presented in de-
tail with the mathematical logic of the MCRT simulation. The simulation improves upon
previous attempts to simulate MCRT simulation of particle-filled resins for VP through the
incorporation of dependent light scattering, polydisperse particles, and using the neat resin
working curve to define the photocured region. Validation of the simulation is achieved
through the comparison of simulated and experimentally printed working curves of a zinc

oxide suspension.

1.2.3 Research Objective 3

To address light-scattering latex-based resins, the authors present the Monte Carlo ray-
tracing simulation to predict the photocuring behavior of an SBR latex resin. A resin that
has been used to produce highly elastic 3D printed parts[2, 3]. The SBR, and latex resins in
general, provide a unique condition to model compared to ceramics. Unlike ceramics, latex

particles are typically amorphous and homogenous for all particle sizes, a common assump-
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tion required for most Mie theory-based models. Latexes also maintain colloidal stability
at high loadings, providing a useful case study for the simulation predicting concentration

colloids. The research questions driving this research objective are shown in Table 1.3.

Table 1.3: Research Objective (RO) 3 and driving research question (RQ).

RO3 | Model and predict photocuring in light scattering resins (Chapter
4)

RQ3.1 | What is the accuracy of the MCRT simulation when photocuring of latex-based

resins?

In Chapter 4, the MCRT simulation is used to predict the light scattering and pho-
tocuring behavior of SBR-latex resins of varying SBR concentrations. The simulation is
compared to experimental trials of the same composition. This is the first investigation of
predicting the photocuring behavior of latex-based resins in VP through a non-empirical

method.

In Chapter 5, the summary and contributions of each research chapter are presented

along with the assumptions, limitations, and potential future work for each objective.
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Abstract

Additive manufacturing of UV-curable polyimides has relied on the photo-crosslinking
of an acrylate scaffold bound to a high molecular weight polyamic acid precursor. Ther-
mal post-processing pyrolyzes the scaffold and converts the polyamic acid into polyimide.
This reliance on polymer precursors has hindered processing due to high resin viscosity and
the limited solubility of the precursor. Recently, a supramolecular salt approach (deemed
"polysalt”) demonstrated vat photopolymerization (VP) of a low-viscosity precursor resin
using a covalent-bound scaffold that resulted in a fully aromatic polyimide following post-
processing. The use of a bound scaffold limits scaffold pyrolysis and results in a large fraction

of the scaffold remaining in the final part.

In order to increase scaffold burnout and impart better final properties, this work
uses an unbound scaffold (triethylene glycol dimethacrylate: TEGDMA) co-disolved with
4.4’-oxydiphthalic anhydride and 4,4-oxydianiline (ODPA-ODA) polysalt monomers. The

dianhydride is converted to tetra-acid or half-ester monomers via one-pot synthetic routes.

Complex and solid parts are printed via vat photopolymerization and able to be ther-
mally post-processed to remove 97% of the scaffold, resulting in linear shrinkage of 28-32%.
A globular phase-separated morphology appears within printed solid geometries but does
not occur within the latticed half-ester parts. Additionally, the half-ester undergoes ther-
mal decomposition above 300 °C, leaving char within the parts and increasing the T, by
80 °C. This platform and scaffold architecture enables a modular approach in which any
acid-amine precursor can be combined with an unbound scaffold to produce novel and easily
customizable UV-curable polyimide or polyamide thus further expanding the VP material

catalog.
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2.1 Introduction

Aromatic polyimides (PI) are high-performance polymers that exhibit high organic
solvent resistance[26, 27|, glass transition temperatures (7}) in excess of 200 °C, and thermal
degradation temperatures near or above 400 °C[26, 27|. Polyimides also exhibit low dielectric
constants[28, 29, 30, 31, 32, 33] and low coefficients of thermal expansion[28]. These superior
properties also cause aromatic polyimides to be difficult to process through traditional means.
The rigid backbone of polyimdes leads to high melt viscosities and limited solubility in most
organic solvents, hindering melt and solution-based processing[34]. Due to these difficulties,
polyimides are typically processed in their preimidized, polyamic acid (PAA) state, which
offers increased solubility in polar aprotic solvents; the solution is then typically coated onto

a substrate and subsequently thermally or chemically imidized.

For selective high-resolution patterning, PAA is functionalized with acrylate moieties
(deemed 7scaffold”), becoming photocurable and able to be selectively crosslinked using
patterned UV light to form the shape of the part. Once photocured, the PAA is imidized
and the crosslinker is either left within the part, or taken to elevated temperatures for
degradation and removal. This approach is utilized within lithography and has recently
expanded to UV-based additive manufacturing processes, including UV-assisted-direct ink
write (UV-DIW) and vat photopolymerization (VP).

Previous work has demonstrated VP of pyromellitic dianhydride and 4,4’-oxydianililine
(PMDA-ODA) through a multi-step synthesis to covalently functionalize PAA with acrylates,
deemed poly(amic diacrylate esters) (PADE)[6]. The PADE approach produced complex

parts via VP, but due to the high molecular weight PADE, the resin required near 85 wt%
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solvent to achieve a printable viscosity. The high solvent content also resulted in 50%
linear shrinkage following post-processing. Herzberger et. al simplified the PADE synthesis
through the use of an acid-base reaction between the PAA and the acrylate to form a pendant
salt acrylate. The PAA pendent salts, like PADE, were high molecular weight precursors
and suffered from low solubility (15 wt% solids), which resulted in similar shrinkage (48%).
The resulting resin also exhibited higher viscosity (15 Pa-s) caused by the charged backbone

and acrylates|9].

The high viscosity of high molecular weight PAA solutions afforded processing via
UV-DIW. High extrusion pressure and shear thinning behavior of the resin enabled higher
solids loading (17%) and reduces shrinkage (40%)[35]. Printed parts exhibited identical
thermal stability compared to commercial polyimides. Guo et. al incorporated an aliphatic
trifunctional crosslinker into PMDA-ODA PAA resins and reduced linear shrinkage to only
20% and demonstrated final parts with thermal stability up to 400 °C, despite the addition of
the crosslinker[8]. However, the addition of the crosslinker does result in a Ty below 250 °C.
Other UV-DIW approaches using a fully aromatic poly(amide imide) displayed exhibited a
printable viscosity at solids loading of 50 wt% and linear shrinkage of only 26%(36]. Similar
to previous efforts, T, suppression was observed due to the remaining photocurable scaffold

after post-processing.

Approaches using low molecular weight fluorinated PAA exhibit increased solubility[10]
in reactive diluents and thus have achieved solids loading of approximately 50 wt% [7, 11].
These methods enable VP of high-resolution features and linear shrinkage below 6%. How-
ever, the low shrinkage contributed to the low temperature of post-processing, which failed to
pyrolyze the crosslinked scaffold. The remaining scaffold results in final parts with reduced

thermal stability and caused thermal degradation to occur at <300 °C.

Recently, Arrington et. al demonstrated the printing of PMDA-ODA and 4,4’-(4,4’-
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isopropylidene-diphenoxy)diphthalic anhydride-meta phenylene diamine (BPADA-mPD) through
a supramolecular salt (polysalt) approach.[1] The polysalt platform is formulated by cova-
lently functionalizing a dianhydride monomer with acrylates, forming a photocurable half-
ester. When the half-ester acrylate is dissolved with the diamine monomer, an acid-base
reaction occurs and the monomers form salts that result in a supramolecular polymer dur-
ing a thermal post-process. Due to the use of small molecules, high concentrations of the
precursor (50 wt% solids) are accessible at resin viscosity of only 1 Pa-s. This high loading
results in linear shrinkage of only 26% and thermal stability of final parts up to 400 °C.
All of these previous polyimide printing approaches utilize ionic or covalent-bound
scaffolds. There is currently no work investigating the impact of scaffold architecture in UV
printing of polyimides. Fortunately, the introduction of the polysalt method enables the use
of traditional non-bound multifunctional crosslinkers to print polyimides similar to other
hydrogel /organogel-based resins[2, 37, 38, 39]. Decoupling the scaffold from the monomer

also affords the facile study of polysalt compositional differences.

This work investigates the effect of a non-bound triethyleneglycol dimethyacrylate
(TEGDMA) scaffold in 4,4’-oxydiphthalic anhydride and 4,4’- oxydianiline (ODPA-ODA)
polysalt resins. The TEGDMA scaffold exhibits low thermal stability and low char yield
in the neat state, which is hypothesized to increase scaffold burnout and reduced char in
the final part. Additionally, without the synthetic step of attaching the scaffold to the
precursor monomers, this approach creates a modular platform for easily printing a variety
of monomers. Using TEGDMA as a scaffold, and other scaffolds like it, enables polyimide
parts to be fabricated with properties that are not influenced by the scaffold and open up a

wider variety of printable polyimides with the need to develop novel synthetic strategies.

Tetra-acid and half-ester versions of ODPA are used to investigate the impact of re-

duced polarity within polysalt resin post-processing, and as a case study to demonstrate the
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modularity of the platform. The goal of this work is to determine how both the scaffold and
monomer compositions affect the resin photocuring rate and resulting modulus to fabricate
solid and complex parts, and evaluate the impact of the imidization protocol on final part

morphology, and thermomechanical properties.

2.2 Experimental Procedure

2.2.1 Polysalt Resin Formulation

4,4’-Oxydiphthalic anhydride (ODPA) and 4,4’-oxydianiline (ODA), and crosslinker
triethyleneglycol dimethyacrylate (TEGDMA) were purchased from TCI and used as re-
ceived. A photoinitiator, diphenyl(2,4,6- trimethylbenzoyl) phosphine oxide (TPO), was
purchased from Millipore Sigma.
Dimethyl sulfoxide (DMSO) was used for the polysalt solvent and was purchased from Oak-
wood Chemical. Resins were formulated in one-pot at 50 wt% total solids (ODPA, ODA,
TEGDMA) loading. Specifically, for 70 g of resin, 11.92 g of ODPA is placed in a flask with
35 g of DMSO and is reacted at 50 °C for an hour with either 1.38 g of DI water to form
the tetracarboxylic (ODPAC) or 3.54 g of ethanol to form the ethyl half-ester (ODPAE).
Once dissolved and cooled, 7.695 g of ODA and 0.875 g (2.5 wt% of solids) of TPO is added
to the solution and allowed to dissolve at ambient conditions for 2 hours while stirring.
Once all components are dissolved, 14.0 g of TEGDMA is added and the resin is ready to be
photocured. The synthesis scheme is described in Scheme 2.1, which outlines the modularity
of the polysalt platform enabling the use of any acid and amine-functionalized precursors to

be combined with an unbound scaffold.
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Scheme 2.1 Synthesis of ODPA-ODA polyimide polysalt resins through tetra-acid ODPAC-
ODA (left) and half-ester ODPAE-ODA (right) templates.
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2.2.2 Resin Characterization

Synthesis of ODPAC and ODPAE were determined by H!' NMR using a 400 MHz
Agilent U4-DD2 in DMSO-d6.

Photorheology was performed using a TA Instruments Discovery HR-30 with 20 mm
parallel plate geometry, UV curing accessory, and Omicure S200 light source with an emission
bandwidth of 320-500 nm. A 400 nm high pass filter was used to block light below 400 nm.
The emitted light was calibrated to an intensity of 42 mW /cm? with a Dymax Accucal-160
LED radiometer to best mimic the VP printer’s UV light source. Oscillatory experiments
were performed at a frequency of 1 Hz, strain amplitude of 0.1%, and gap thickness of 100

pm. Polysalt resins oscillated for 30 s to equilibrate and were then irradiated for 90 s. The
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gel-time, or crossover time, of the resin is identified as the exposure time required for the

storage modulus and loss modulus to become equal.

2.2.3 Vat Photopolymerization & Post Processing

Parts were fabricated on a custom-built top-down VP printer equipped with a 405 nm
UV-LED Wintech Digital PRO4710-1080p compact optical engine. The maximum intensity
of the projector is 42 mW /cm?, with a pixel size of 35.5 um and layer thickness of 100 um.
The ODPAC-ODA resin was exposed for 8 seconds/layer (exposure=336 mJ/cm?) and the
ODPAE-ODA resin was exposed for 12 seconds/layer (exposure=504 mJ/cm?). Exposure
times were empirically determined using photorheology crossover times as an initial value,
with small increases in exposure, via trial and error, to successfully print complex lattice

parts.

Printed parts are left in ambient air to dry until they are no longer tacky (approxi-
mately 4-7 days, depending on geometry). The parts are then placed in an MTI GSL 1600X
tube furnace with Ny environment. The tube furnace is heated at 0.5 °C/min with isotherms
at 60 °C for 10 hours, and 100, 150, 200, 250, 300, 350, and 400 °C for 2 hours each. Thermal
post-processing conditions were modified from Zhang et al.[40], which produced ODPA-ODA
films. The isotherms are used to slowly remove the solvent, scaffold, and condensates from

the part and minimize residual stress.

Samples "ODPAE-ODA-300C” and "ODPAC-ODA-300C” were prematurely stopped
at 300°C for analysis to investigate the progress of scaffold removal and part property de-
velopment. 7Control” polysalt samples that neither contained TEGDMA nor TPO were
subjected to the same thermal post-processing and stopped at 300 and 400 °C to enable

comparison against printed samples and isolate processing effects caused by the TEGDMA

scaffold.
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2.2.4 Part Characterization

Thermal stability of printed parts and control samples (i.e., no scaffold) were measured
with thermogravimetric analysis (TA Discover 550) at 3 °C/min to 800 °C. Thermomechan-
ical properties of the printed samples were determined with dynamic mechanical analysis
(DMA) on a TA-Q800 DMA at 1 Hz, 0.1% strain up to 300 °C or 400 °C, depending on
the maximum processing temperature of the sample. Imidized photocured discs were an-
alyzed using Fourier transform infrared spectroscopy (Varian ATR) to verify that samples
are imidized and to determine if residual scaffold is present. The morphology of printed
sample cross-sections were analyzed on a JEOL IT-500HR field emission gun — scanning
electron microscope (SEM). Density measurements were performed using an analytical bal-
ance density kit. Linear shrinkage was determined by taking dimensional measurements via
a micrometer on printed cuboids following (i) printing, (ii) four days of air drying, (iii) 300
°C processing, and (iv) 400 °C processing. All characterization requiring solids parts used

printed specimens, with the exception of FTIR, which used photorheology discs.

2.3 Results and Discussion

2.3.1 Synthesis of ODPA-ODA Polysalt Resins

Both the ODPAE and ODPAC were successfully synthesized and verified with NMR
(Figure A.1-A.3), with the ODPAE exhibiting a combination of four different isomers. When
resins are completely mixed, both were homogeneous and transparent with orange-yellow
hues. The ODPAE-ODA resins appeared darker than ODPAC-ODA-based resins, potentially
resulting from differences in the supramolecular salt structure. The darker color in the
ODPAE-ODA resulted in the resin being more absorptive and requiring more UV exposure

to cure. This is observed in photorheology, Figure 2.1, where a longer crossover time for
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ODPAE-ODA (10 s) is observed compared to that of ODPAC-ODA (7 s). Both resins
exhibited sufficient plateau modulus of > 10° Pa and very low uncured viscosities, below 0.1

Pa-s at 50 wt% solids (Figure A.4), for VP processing,.

Storage & Loss Modulus (Pa)

—— ODPAC-ODA
—— ODPAE-ODA
— UV On

60 80 100 120
Time (s)

Figure 2.1: Photorheology curves of ODPAC-ODA and ODPAE-ODA resins at 50 wt% solids
in DMSO at gap thickness of 100 pm. Storage and loss modulus are denoted with solid and
dashed lines, respectively. The 42 mW /cm? UV light (400-500 nm) turns on at Time = 30s.

2.3.2 Vat Photopolymerization and Post Processing of Polysalt
Resin

Complex latticed (Figure 2.2) and rectangular solid parts (Figure A.5) were printed
with 100 pm layers and exposure dosages of 8 s (336 mJ/cm?) for ODPAC-ODA and 12
s (504 mJ/cm?) for ODPAE-ODA. Exposure dosages required for printing are higher than

photorheology crossover times, potentially resulting from the resins experiencing higher ex-
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posure due to reflected light from the aluminum top plate and reduced oxygen inhibition in

the photorheology setup that reduces the resin’s contact with air.

When printed, parts are transparent with an orange/tan hue; within approximately
12 hrs the parts become darker and opaque, as shown in Figure 2.2a and 2.2b. The printed
lattices exhibit a more uniform hue. Thicker parts (>6 mm), as seen in Figure A.5, exhibited
faster solvent removal on sharp edges than in the bulk of the part, which results in light edges.
The opaqueness is attributed to phase separation and is discussed in greater detail in Section

2.3.3.
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Figure 2.2: Post-processing of the ODPA-ODA parts to thermally imidize and remove the
TEGDMA scaffold and the resulting chemical changes occurring through the process. Images
display the visual changes of the part after being printed (a). Lattice parts are left to air
dry for four days, removing solvent and causing the part to become opaque (b). Dried parts
are processed to 300 °C for imidization (c) but require processing up to 400 °C to pyrolysis
the scaffold(d).

Once dried, the parts are thermally imidized by slowly heating to 300 °C, displayed
in Figure 2.2c. Both ODPAE-ODA and ODPAC-ODA parts become a brighter orange/tan
hue, the typical color of conventionally processed polyimides. At this stage, the precursor
polymer has reached its maximum imidization conversion with approximately 30 % of the

scaffold remaining within the part, based upon TGA (Section 2.3.3). Upon heating to 400
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°C, the scaffold degrades and volatilizes, leaving the polyimide behind.

ODPAE-ODA latticed parts maintained geometric fidelity through all thermal post-
processing, but ODPAC-ODA lattices were unable to retain the printed shape when pro-
cessed to 400 °C. The authors hypothesize that the failure results from reduced mechanical
strength, discussed in Section 2.3.5. Post-processing to 400 °C results in parts becoming
black, as seen in Figure 2.2d. Darkening of printed polyimide parts is frequently observed

and contributed to degraded scaffold char remaining in the part[1].

However, both control ODPAE-ODA and ODPAC-ODA polysalt solutions thermally
processed to 400 °C without scaffold also exhibited a similar change of color. This indicates
that the color change is not the result of the scaffold, but the result of the chemical com-
position of the polysalt structure and/or the thermal processing protocol. The cause of this
darkening is further explained with TGA results (Section 2.3.3). Additionally, printed parts
heated without sufficient air drying tended to warp and crack. This behavior is particularly

noticeable with thin, film-like structures and ODPAC-ODA when processed to 400 °C.

During post-processing, both ODPAE-ODA and ODPAC-ODA exhibited similar isotropic
shrinkage of approximately 23% linear shrinkage when heated to 300 °C. However, when
heated to 400 °C, ODPAC-ODA-400C exhibited 28% linear shrinkage and ODPAE-ODA-
400C with 32% linear shrinkage. The shrinkage values measured are greater than previous
polyimide printing investigations using a poly(HEA) scaffold at these temperatures [1]. This

is attributed to a larger fraction of the scaffold removed from the printed parts.
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2.3.3 Characterization of Processed Printed Parts

Degradation

TGA in Figure 2.3a displays poly(TEGDMA) degradation as a two-step pathway, with
the first being attributed to the volatilization of low order cycles degrading from the network
formed during photopolymerization[41], which comprises near 70% of the total mass of the
TEGDMA network. These cycles arise from flexible propagating TEGDMA chains to back-
bite forming low-order rings/cycles within the network. These cycles do not entangle and
are not a structural component of the scaffold network. Upon thermal processing, these
cycles degrade around 300 °C, with the rest of the network degrading above 300 °C. The
degradation of the cycles are seen as the first degradation step for ODPAC-ODA-300C and
ODPAE-ODA-300C in Figure 2.3a. Comparing the printed and control specimens, there
is a 3% difference in char yield at 600 °C, indicating approximately 97% of the TEGDMA

scaffold is removed during thermal post-processing.

An 8% difference in char yield is observed between ODPAC-ODA-400C and ODPAE-
ODA-400C. This difference in char yield is also observed in the scaffold-free control speci-
mens of ODPAC-ODA-400C and ODPAE-ODA-400C (Figure 2.3b). This indicates that the
scaffold is not a contributing factor to the resulting char yield. The authors surmise this
difference in char yield is the result of the ODPAE-ODA degrading between 300 and 400
°C, supported by the darkening of the parts in Figure 2.2c¢ and 2.2d. The degradation of
the ODPAE-ODA is believed to be caused by incomplete imidization, resulting in amide
bonds, which thermally degrade and leave behind degraded byproducts. A potential cause
for incomplete imidization is poorer solvent (DMSO) retention in ODPAE-ODA which limits

the imide conversion.
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Figure 2.3: a) TGA of 3D printed parts and poly(TEGDMA) scaffold and b) control polysalt
resin containing no TEGDMA.

Imidization Analysis

FTIR of all post-imidized samples (normalized to 1230 cm™! peak) displayed in Figure
2.4, displays near complete imidization. This is indicated by the imide C-N-C peaks at 1370
cm ™! and 743 cm™! and the imide carbonyl (C=0) peaks at 1780 cm™" and 1709 cm™'[42].
Other major peaks at 882, 1604, 1498, 1470, and 1435 are attributed to the phenyl (C-C
& C=C) stretches and deformations, and peaks at 815 and 1230 cm™! are attributed to
the out-of-phase phenyl (C-H) deformations[42]. The aliphatic C-O ether linkage of the
poly(TEGDMA) scaffold is observed at 1110, 960, and 840 cm™! [43] across all samples,

indicating a small amount of the scaffold does remain within the part.

The ODPAE-ODA-400C exhibits more noisy FTIR spectra, with many peaks broad-
ening or nonexistent compared to other samples analyzed. This behavior is observed under
polymer degradation and in carbon black polymer composites[44, 45|, consistent with the

TGA results presented in Section 2.3.3.
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Figure 2.4: Plot of FTIR spectrum of printed imidized polysalt parts.

2.3.4 Structure/Morphology

Printed parts, processed to either 300 or 400 °C, exhibited a connected phase-separated
globular morphology, as observed via SEM. ODPAC-ODA is shown in Figure 2.5; ODPAE-
ODA is shown in Figure A.7. The globs are uniform in size, approximately 100 gm in
diameter, with a random structure not affiliated with the printing layer size or location.
No printing layers are observed in any part analyzed, consistent with other solvent-based

polyimide printing approaches[1, 6, 9].

At further magnification, porosity is observed within ODPAE-ODA-300C and ODPAC-
ODA-300C. Upon processing to 400 °C, the porosity appears to densify, while the globu-
lar structure remains. Therefore, the printed parts exhibited lower than bulk density (1.4
g/mL[46]), as seen in Table 2.1. The lower density of ODPAE-ODA-400C is attributed to

the formation of lower-density char, or closed porosity within the parts.
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Table 2.1: Density of post-processed printed ODPA-ODA specimens

Sample Density (g/cm?)
ODPAC-ODA-300C 1.20 £ 0.05
ODPAC-ODA-400C 1.21 £ 0.03
ODPAE-ODA-300C 1.27 £ 0.06
ODPAE-ODA-400C 1.08 £ 0.02

ODPAC-ODA-300°C

ODPAC-ODA-400°C

Figure 2.5: SEM of ODPAC-ODA-300 (top) and ODPAC-ODA-400 (bottom) fracture sur-
face. Printed layers follow the shortest dimension, denoted by the red arrow in the left
images.

The globular microstructure is also observed within the scaffold-free control samples
when processed to 300 °C, as seen in Figure 2.6a and 2.6c. However, the control samples did
not exhibit similar porosity. This leads the authors to hypothesize that the porosity seen
in scaffold-containing parts is the result of the network cycles from the TEGDMA scaffold
degrading and leaving pores. Once the cyclics are volatilized, the polyimide is still restricted
by the remaining scaffold and unable to flow into the empty volume, which causes porosity.
Processing to 400 °C, the scaffold degrades and allows the polyimide chains to consolidate

the porosity, but the globular microstructure remains, as shown in Figure 2.6b and 2.6d.
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Figure 2.6: SEM of scaffold-free control samples of a)ODPAE-ODA-300C, b)ODPAE-ODA-
400C, ¢)ODPAC-ODA-300C, and d)ODPAC-ODA-400C.

Unlike the scaffold-free control specimens and thicker printed specimens, SEM of the
printed ODPAE-ODA lattices display homogeneous microstructure after processing at 300
(Figure 2.7a) and 400 °C (Figure 2.7b). The ODPAC-ODA lattice, exhibited similiar mor-
phology as the thicker samples but the globular microstructure appears more platet-shaped
but the porosity remains (Figure A.6). This may indicate that the tetra-acid has a higher
affinity for the DMSO solvent and requires more time for the solvent to evaporate or to leave
the part. Alternatively, the porosity may be the result of ODPAC, as it has been previously
been used as a foaming agent in ODPA-ODA foams[47]. The foaming occurs from excess
water being produced during both polymerization and imidization. However, it is currently

unknown how the post-processing protocol enhances or mitigates the foaming process.
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ODPAE-ODA-300°C | ODPAE-ODA-400°C

Figure 2.7: SEM of printed lattice strut cross-section of ODPAE-ODA-300C (left) and
ODPAE-ODA-400C (right). Lattice parts exhibited homogeneous morphology at both pro-
cessing temperatures.

2.3.5 Thermo-Mechanical Properites

DMA of ODPAC-ODA-300 and ODPAE-ODA-300 (Figure 2.8) displays near-identical
thermo-mechanical curves, exhibiting peak tan(d) T,s of 260 °C and 257 °C, respectively.
This agrees with literature values, which report T,’s between 250 °C and 260 °C[28, 48].
ODPAC-ODA-300 and ODPAE-ODA-300 also exhibit lower glassy moduli compared to the
1 GPa storage modulus observed in their respective 400 °C samples. The authors believe

the differences in glassy moduli correspond to differences in specimen porosity, as observed

in Figure 2.5 and A.7.
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Figure 2.8: Dynamical mechanical analysis of printed specimens in an Ny environment.
Storage modulus is represented by solid lines and tan(d) by dashed lines.

As seen in TGA (Figure 2.3), samples processed to 400 °C have a large majority of
poly(TEGDMA) removed, resulting in a more thermoplastic-like behavior. This is demon-
strated with ODPAC-ODA-400C, which exhibits a lower rubbery plateau and larger tan(J)
peak than ODPAC-ODA-300C. This larger storage modulus drop in ODPAC-ODA-400C is
believed to contribute to the ODPAC-ODA lattice parts failing when processed to 400 °C,

as flow is observed at elevated temperatures.

ODPAE-ODA-400C behaves differently, exhibiting a higher rubbery plateau, broader
tan(d), and T, of 343 °C, approximately 80 °C higher than reported in literature[48]. In-
creases in Ty through thermal degradation have been observed through degradation of pen-

dent groups[49]; however, the authors hypothesize the degradation may be the result of
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non-imidized, amide species degrading above 300 °C and restricting chain mobility, thus

increasing T'y.

The specific cause of higher degradation in ODPAE-ODA may result from a lower
overall imidization conversion due to poorer solvent retention. The extra acid functionality
in ODPAC-ODA allows for twice the hydrogen bonding donation, improving retention of
DMSO at elevated temperatures, and aiding in greater imidization conversion[50, 51, 52].
The reduced imdization in ODPAE-ODA results in the presence of thermally unstable amide
species, which degrade above 300 °C, and produce char within the polyimide. The char
formed is molecularly mixed within the polyimide, causing a large effect on chain mobility,

and is reflected in the higher T,.

2.4 Conclusion

Photocurable ODPA-ODA polysalts enabled low-viscosity VP printing, which resulted
in fully aromatic polyimide with limited shrinkage. The use of a non-associating scaf-
fold (TEGDMA) enabled photocuring at reasonable time scales (8-12 s per layer, 336-504
mJ/cm?) and printing of complex geometries across the tetra-acid and half-ester composi-
tions. TGA shows that Approximately 97% of the TEGDMA scaffold was removed during
thermal post-processing. Solid parts processed to 300 °C exhibit a complex phase-separated
globular morphology with porosity due to the presence of the solvent. Upon processing to
400 °C, the porosity densifies and the globular morphology remains. The microstructure
remains in the latticed tetra-acid parts but half-ester latticed parts appear fully homogenous
at both 300 and 400 °C. Parts processed to 300 °C' appear to reach maximum imidization
conversion and exhibit T, in agreement with literature values. When processed to 400 °C,
the tetra-acid maintains its T,, while the half-ester undergoes partial degradation, which

increases the T, by 80 °C.
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This work demonstrates that the unbound scaffold has little impact on photocuring,
imidization, morphology, or thermo-mechanical properties due to a large portion of the scaf-
fold degrading and volatilizing from the part. The dominant factors determining the printed
part properties result from the polysalt monomer composition and part geometry. This in-
dicates the expected properties of a desired polysalt-compatible material can be determined
without the need for printing or formulation of UV-curable resins. This platform demon-
strates the potential to be generalizable to other polyimide systems to produce a wider

variety of materials.

Future development of this platform includes investigating a wider variety of poly-
imides and other salt-compatible monomers such as polyamides to expand the modularity.
This work has also been limited to linear polymers; however, crosslinking polymers using
multifunctional monomers is also expected to be compatible. Part properties may also be

refined through optimizations of the post-processing protocol to tune part morphology.
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Abstract

Photocurable ceramic suspensions used in vat photopolymerization (VP) to produce compos-
ite and ceramic parts suffer from reduced resolution due to light scattering by the particles.
When irradiated, the scattered light causes a redistribution of the UV intensity, resulting in
a reduction in cure depth and an increase in cure width. To predict the resulting exposure
distribution and cure profile shape of ceramic-loaded resins, the authors develop a Monte
Carlo ray-tracing (MCRT) simulation to predict light scattering and absorption of UV en-
ergy in particle-filled resins. The simulation incorporates volume-dependent light scattering
physics of polydisperse particle sizes to accurately represent the scattering behavior of filled
resins. Additionally, the simulation uses only experimentally acquired parameters includ-
ing refractive index, particle size distribution, the spatial intensity distribution of the light
source, and critical exposure to cure to predict the photocured shape. With these parame-
ters, the authors simulate cure profiles of a ZnO-filled polyester acrylate resin, which has a
high refractive index of 2.2. Printed and simulated cure profiles are compared across vary-
ing ZnO loadings (1 to 5 vol%) to validate the simulation. The simulation demonstrates a
high degree of accuracy in predicting experimental cure profile shape with all cure depth

predictions within 10% (20 pm) and cure widths within 30% (15 pm).

Keywords: Vat Photopolymerization, Monte Carlo Ray-Tracing, Additive Manufac-

turing, 3D Printing, Light Scattering
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3.2 Introduction

3.2.1 VP of Ceramic Filled Resins

Vat photopolymerization (VP) is an additive manufacturing process that patterns UV
light to selectively crosslink, or cure, a photosensitive resin in a layer-by-layer fashion. VP
printers are classified as laser-based or projection-based according if the UV light is patterned
by a rastering laser or dynamic mask, respectively. Both of these printer embodiments
allow for high-resolution printing with layer heights typically between 50 and 100 pgm and
minimum feature size between 10 and 50 pm[53]. Figure 3.1 displays a schematic diagram
of a projection-based VP printer used in this work. Despite the high-resolution printing, the
material properties of the majority of VP resins are limited in mechanical performance due

to the nature of photo-crosslinking chemistry.
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In order to fabricate stronger and more functional parts, particulate ceramic, metal,
and polymer fillers are often added to these photocurable polymer resins. The filler is used
to improve part properties as a composite or, as is common in highly loaded ceramic-filled
parts, post-processed to high temperatures to pyrolyze the polymer matrix and sinter the

ceramic filler to form a homogeneous ceramic part.

VP of particulate nanocomposites has gained popularity within the biomedical field
for increasing the bioactivity of the photocurable matrix, frequently polyethylene glycol
(PEGDA), through the addition of bioactive ceramics or polymers such as hydroxyapatite[54,
55, 56] or alginate[57]. The addition of these fillers has displayed increases in cell viability,
with one study seeing 90% cell survival[57]. Other bio-sourced additives of chitin[57, 58] and
bamboo fibers[59] have demonstrated increases in tensile strain and maximum stress. The
incorporation of metals and performance ceramics in photocurable nanocomposite resins has
enabled more unique properties such as a nanoclay[17] for increasing tensile stress and strain
at break, and a copper-PEGDA lattice designed to achieve a negative coefficient of thermal
expansion[60]. Magnetic composites have also been fabricated through magnetite particles

to create cantilevers[61], impellers[62], and bone tissue scaffolds[63].

Printing complex high-resolution nanocomposites are challenging, especially with fillers
that exhibit high reactive indices (>1.7). Materials with a high refractive index scatter light
to a greater degree and tend to be more absorptive as well. Light scattering results in a redis-
tribution of light intensity, which reduces cure depth and increases cure width[18, 64]. The
increase in cure width limits the ability to fabricate small features, reducing the achievable
resolution. Successful printing often requires a trial-and-error approach to optimize process
parameters[12, 19, 65, 66, 67]. Predicting this behavior is crucial to producing complex

nanocomposite parts to expand the geometries and applications of VP-printed parts.



CHAPTER 3. SIMULATION OF CERAMIC FILLED VAT PHOTOPOLYMERIZATION RESINS USING MONTE
38 CARLO RAY-TRACING

3.2.2 Analytical modeling of filled resin curing

Generating an analytical relationship to predict the curing behavior of ceramic-filled
VP resins has been a long-standing research goal, as doing so would enable automated cor-
rection of UV irradiation patterns to fabricate precise and accurate composite parts without
the need to actually synthesize the filled resin of interest. Achieving this goal requires
defining the light attenuation and curing exposure of the filled resin in both the build (Z)
and orthogonal (XY) directions. In neat resins, this is typically defined by the penetra-
tion depth, D,, and the critical curing exposure, E., deemed D, oo and E.g,0% for neat
resin. E. 0% is particularly difficult to analytically predict as it depends on photo-chemical
parameters requiring in-depth characterization of the resin system composition and photo-
curing kinetics[68]. Instead, D, opoi%, and E 0y are typically experimentally determined

by evaluation of a 'working curve’ using Jacob’s Equation, defined as,

o oan(£) o

where Cy is the cure depth and F is the incident exposure at the resin surface. Equation 3.1
is derived from Beer’s Law and is valid when assuming the resin is optically homogeneous.
In filled resins, this assumption becomes invalid due to light scattering to form a quasi-Beer-
Lambert relationship[18]. This causes F. to no longer be the curing exposure of the matrix
but the exposure required by the printer to produce a set cure depth, indirectly accounting

for the different light intensity from scattering and attenuated light from particle absorption.

Gentry et al. expands this concept to the XY direction by defining excess width (W)

in a similar quasi-Beer-Lambert relationship defined as,
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E
Wep = Wyin (E_w> . (3.2)

Where W, is the penetration width and £, is the critical curing exposure for the XY direc-
tion. Due to the non-isotropic nature of light scattering, E,, # E. # E.oy0% in filled resins,
because the exposure the printer irradiation source delivers does not increase the cure depth
and cure width equally. Relating D,, E., W), and E,, to measurable resin properties and ex-
isting scattering physics through novel empirical and analytical models has been the current

focus within the field.

Empirical models relating interparticle spacing, particle size, particle volume load-
ing, and radiation wavelength have demonstrated reasonable accuracy in predicting the cure
depth of low refractive index (e.g., alumina and silica) nanoparticle-filled resins[69]. Inter-
particle spacing is a difficult resin property to determine for polydisperse particle systems,
limiting this model to monodisperse, non-absorbing particles. A related term to interpar-
ticle spacing, transport mean free path, is able to be experimentally determined through
diffuse wave spectroscopy and related to D,[21]. Despite only requiring a single experiment,
this method only predicts D, and not E., limiting its usefulness in determining cure depths
or widths. Proposed models address this by relating reaction kinetic and light attenuation
factors to E, and D,[22, 23] and subsequently predicting cure depth. However, these rela-
tionships avoid relating E. and D, to scattering physics by isolating scattering variables to
a single term. This scattering term is forced to be empirically solved, requiring the repeated
processing of filled resin at each concentration of interest. Furthermore, all previously de-
scribed models do not account for photocuring in the XY direction and/or require difficult

experiments to acquire pertinent parameters for said models.
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3.2.3 MCRT Simulation of Particle Filled Resins

Monte Carlo ray-tracing (MCRT) is a numerical approach that simulates bundles of
photons, or rays, as they are reflected, absorbed, and scattered within an environment.
MCRT provides a solution to describe the light scattering in the Z and XY directions that
only requires inherent material properties, which are easily measured. There are two ap-
proaches to MCRT simulation, sudden death, where energy is a binary value, and slow
death, where energy is continuous[70]. MCRT is typically used to model the light scattering
in water clouds and dust; however, the same physics can be applied to VP to describe the

light scattering in particle-filled resins from which the cure profile shape can be predicted.

Previous MCRT work in VP of filled systems has demonstrated a sudden death MCRT
simulation that provided accurate predictions of cure profile dimensions, within 25%, of laser-
based light sources[25, 71], without the need to fabricate and process the filled resin. These
models assumed the particles were monodisperse, use scattering physics designed for dilute

systems, and describe curing exposure threshold using reaction kinetic-based models.

This work improves upon these previous MCRT simulations for VP by incorporating
polydisperse particle sizes, and particle volume loading-dependent light scattering physics.
These modifications better describe the filled resin to produce a more realistic simulation.
Additionally, this simulation determines a resin’s critical curing exposure from a working
curve of the neat, unfilled resin. Using working curves provides a fast and simple method to

determine the curing exposure required for a specific material.

Validation of this simulation is demonstrated by comparing simulated and experimental
cure profiles using zinc oxide (ZnO) nanoparticles (20 nm) within a photocurable resin at
varying concentrations (1-5 vol%). The high refractive index (2.2) of ZnO, and low refractive

index of the matrix (1.48), provide a useful case study that is comparable to other ceramics
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used within the nanocomposite field.

3.3 Monte Carlo Ray-Tracing Simulation Details

3.3.1 Monte Carlo Ray-Tracing Model

The goal of the MCRT model is to predict the final cure profile shape by simulating
the path of the rays of UV irradiation within the vat[25, 71]. The model accounts for the
scattering events from individual particles and tracks the rays’ energy as they travel within
the vat. The simulation uses concentrated Mie scattering theory to statistically determine
the distance and direction the rays travel, as well as the likelihood of particles absorbing or
scattering the incident rays[72]. The accumulated energy from all the rays across a voxel
of the vat is then compared to the neat resin’s critical exposure to determine if the voxel
is cured or uncured. Defining this cure boundary effectively defines the cured resin profile.
The cure profile width and depth are metrics used to define the accuracy of the simulation

compared to experimental trials.

The MCRT model uses five terms to dictate the behavior of the rays[72]:

1. Scattering intensity distribution, I(6)

2. Scattering coefficient, p, (um™1)

3. Absorption coefficient, y, (pm™")

4. Transport free path, As (um)

5. Critical exposure to cure the neat resin matrix, E,gpo% (mJ/cm?)

The logic and implementation of these terms in the context of the ray-tracing algorithm are

displayed in Figure 3.2.
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Figure 3.2: Flowchart of the ray-trace algorithm of a single scattering event and the exit
conditions to acquire the image of the cure profile shape with corresponding user inputs and
instrumentation necessary for resin characterization at each step.

The scattering intensity distribution, I(#), serves as the starting point since all other
terms are dependent upon it. I(#) represents the relative scattering intensity with respect
to the scattering angle, #. When normalized, thus 0% I1(0)df = 1, the function yields the
probability distribution function and is used to randomly compute the scattering angle by
a particle during a scattering event. This probability function determines a ray’s change in

travel direction, and thus the shape of this function dictates the resulting energy distribution

and cure profile shape. I(0) is defined as
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1(0) = P(0)Sk(0), (3-3)

where, Sr(0) is the structure factor and, P(#) is the form factor. The structure factor is an
angular function that describes the interparticle locations to correct interparticle polarization
effects and interference of the scattered light. In systems with low particle volume loading,
i.e. <lvol%, the structure factor becomes a uniform function with values approaching one,
in which case light scattering is said to be independent. However, in VP resins, the particle
loading is much higher, which requires the implementation of a structure factor, in which
case light scattering is said to be dependent. The structure factor used in this work is the
Percus-Yevick hard sphere approximation that accounts for particle size dispersity[73]. This
is the first instance of modeling VP with an MCRT simulation using a structure factor and
accounting for polydisperse particles. The impact of the structure factor on the scattering

intensity distribution is displayed in Figure 3.3.
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Figure 3.3: Example of scattering intensity distribution using independent light scattering
(blue) and dependent light scattering (orange) for a 40 nm ZnO particle at 5 vol%. Dependent
light scattering reduces the forward scattering and the magnitude of the scattering intensity
distribution; this reduces the likelihood of rays being scattered and increases the probability
of a ray being absorbed.

P(0) is a scattering intensity distribution for infinitely dilute particles. For unpolar-
ized incident light, P(f) is defined as an average of the squared amplitudes of the angular

dependent perpendicular and parallel scattering amplitudes, S1(0) and S»(0), respectively.

_ SO + 15:(0)

P(b) .

(3.4)

S1(6) and S»(0) are derived from Mie theory|[74], and defined as,
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S1(0) = i; %[anm,x)m(e) b (m, 2)7(6)). (3.5)
and
Sy(0) = 2 %[(an(m,z)fn(e) b (m, ) (0)], (3.6)
where
2mr n, + ik,
T = B and m = T

In Egs. 3.5 and 3.6, m, and 7, represent the angular scattering patterns of the
spherical harmonics, and a,, and b, are the Mie coefficients. These coefficients depend on
the size parameter (x) and complex refractive index ratio (m), where r is the particle radius,
A is the radiation wavelength, and n,, and n, + ik, are the refractive index of the matrix and
particle domain, respectively. Each P(6) is associated with a specific particle radius, thus
for each scattering event a new P(6) is calculated with a new randomly selected particle size,
using the particle size distribution as a probability distribution. The absorptive index of the
matrix (k,,) is neglected from the form factor calculation as Mie theory is not mathematically
stable when using a non-zero k,,. This assumption is valid in most cases since the particles
exhibit much higher absorption compared to the matrix. The matrix absorption is accounted
for later in the simulation using the Beer-Lambert law within the matrix, as is common in

VP cure modeling.

The scattering coefficient, us, and absorption coefficient, u,, represent the relative
rates of scattering and absorption of the particles. Similar to 7(f), s is dependent on the

particle volume loading[72], ¢, and defined by,
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1
fs = 3¢7TQS/ I(cosf)dcosb. (3.7)

2r 1

where () is the scattering efficiency factor defined as,

Nmax

Q. = % S 20+ 1)(Jan(m, ) + [ba(m, 2)[2). (3.8)

n=1
The scattering coefficient is a relative measure that must be compared to the ab-

sorption coefficient. Light absorption is assumed to be particle loading and particle size

independent[72]. Defining the absorption coefficient as,

4k,
a - ] 39
0 3 (3.9)

it depends only on the absorption index of the particle, k,, and the radiation wavelength, A.
In order to assume a constant absorption, the MCRT simulation assumes coherent scattering.
Normalizing the us and p, such that ps+p, = 1 provides the probability of a ray being either
elastically scattered or completely absorbed, respectively, determined by inverse transform

sampling.

The magnitudes of i and p, also contribute in defining the distance between scattering

events, As, known as the transport free path (TFP),[72]

~ —In(RN)

As = ,
s avg + Ha

(3.10)

where 5 4,4 is the weighted average of the scattering coefficients calculated with respect to

particle size, and RN is a pseudo-random number uniformly distributed between 0 and 1.
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The TFP is a statistical representation of the distance a ray must travel before undergoing
a change in direction (scatter), or being absorbed. This distance is related to, but differ-
ent from, the physical spacing of particles. The TFP is recalculated for each ray at each
scattering event, avoiding the need to pre-generate particle volumes and locations, as well
as providing the randomness to account for the Brownian motion of the particles. In the
context of this simulation, the TFP distance is comprised solely of the resin matrix, enabling
a simple relationship to define the absorption of a ray by the matrix using Beer-Lambert’s

Law,

E, = E, e 2%/Pr) (3.11)

where E,, is the energy after absorption, E, o is the initial energy, and D,()) is the matrix
penetration depth and is dependent on the radiation wavelength. The energy of the ray
absorbed by the matrix is recorded and later used to determine if a given voxel is cured or

uncured.

3.3.2 Monte Carlo Ray-Tracing Simulation Algorithm

Equations 3.3-3.11 comprise the ray-tracing model, with Fig. 3.2 describing the algo-
rithm of the simulation, the pertinent inputs required, and the instrumentation required to
acquire said inputs. The simulation begins by calculating the rays’ starting position by using
the incident UV intensity distribution, which is measured with a beam profiler (displayed
in Figure 3.6). Dynamic light scatting of low loading (0.1 vol%) resin provides the particle
size distribution used as the sample set to randomly select the particle size, r, of a given

scattering event, with each new scattering event requiring a newly selected particle size.

Absorption of the ray occurs through two mechanisms: the particle, dictated by nor-
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malized Eqgs. 3.7 and 3.9, and the matrix, dictated by Eqgs. 3.10 and 3.11. If the particle
absorbs the ray, the energy of the ray is set to zero, referred to as a sudden death event. As
the ray travels through the matrix, the energy of the ray is decreased incrementally, referred

to as a slow death event.

Once absorption conditions are completed, the ray is scattered /redirected via Eq. 3.3,
and the location of the ray’s new potential scattering event is calculated. If the ray is
within the calculation volume of the simulation and has sufficient energy, the process repeats
until the ray either travels outside of the simulation bounds or the energy goes below a
specific threshold (e.g. 1% of the ray’s original energy in this simulation). Once all rays are
terminated, the simulation ends, and the resulting spatial energy distribution is normalized
by the simulation mesh size and scaled by the exposure time to produce the spatial exposure
distribution. Exposure values below the critical curing exposure, E. gy0%, are removed from

the mesh. Those remaining define the simulated cure profile shape.

3.4 Experimental Methods

The MCRT simulation presented in this work requires specific material parameters,
specifically the particle size distribution, the complex refractive index of the photocurable
matrix and the particle, UV projector spatial distribution, and the critical curing expo-
sure of the matrix (Figure 4.2). This section discusses the experimental methods of how
these parameters were acquired, the logic of the simulation, and the method of producing

experimental cure profiles used to validate the simulation across a range of particle volumes.

3.4.1 Photocurable Resin Preparation

ZnO spherical powder and Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide photoin-

tiator (TPO) photoinitiator were purchased from Sigma Aldrich. The dispersing additives
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DISPERBYK-985 were acquired from BYK. The photocurable components EBECRYL 893
polyester acrylate were acquired from Allnex. All reagents were used as received without

any further purification.

All samples contained 15 vol% DISPERBYK-985, and 1 vol% TPO, with the remain-
ing volume comprised of the EBECRYL 893 and ZnO nanopowder. Resins are made by
dissolving the TPO into the DISPERBYK-985. Once dissolved, the solution is added to
the ZnO powder followed by the addition of the EBECRYL 893. ZnO is added at varying
loadings of 0, 1, 2, 3, 4, and 5 vol%. All resins are placed on a tube roller until the powder
is dispersed, followed by sonication for 10 min. Finally, the vials of resin are mixed via a

vortex mixer immediately before photocuring.

3.4.2 Resin Characterization

The ZnO particle size distribution was determined using dynamic light scattering
(DLS) with a Malvern Zetasizer Nano ZS at concentrations of approximately 0.1 vol% in the
resin matrix. The ZnO dry powder was also analyzed using a JEOL IT-500HR FEG scan-
ning electron microscope to verify the DLS results. Literature values of the ZnO complex
refractive index were used at 2.2 + 1le~*i[75]. The refractive index of the neat resin of 1.4755
was determined using an Abbe refractometer. The complex refractive index of the matrix

resin and ZnO particles are assumed to be constant throughout the simulated exposure.

3.4.3 VP Process Characterization

Specimens were fabricated on a custom top-down VP printer equipped with a 405 nm
UV-LED projector. The projected pixel size is 35.5 um, with a maximum cumulative power
flux of 6.2 mW /cm? measured by a Dymax ACCU-CAL 160 radiometer. The spatial light
intensity distribution was measured using a Newport LBP2-HR-VIS3 laser beam profiler.

The resulting spatial intensity was incorporated into the ray-tracing simulation.
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3.4.4 Cure Profile Characterization

Cure profiles were fabricated using a 3D-printed custom-built vat filled with resin and
a glass slide placed atop the resin surface, similar to the configuration described by Gentry
et al.[18]. Twelve 7-pixel squares were projected through a glass slide to cure the resin on
the opposite surface. The cured profiles were rinsed with isopropyl alcohol and left to air

dry for five minutes.

The profiles were then imaged with a Dino-lite AM3111 digital microscope and cure
depth and width were measured from the images at the deepest and widest sections of
the profiles. The dimensions of the profiles were then plotted on a log-linear plot with
their corresponding applied exposure. These 'working curves’ were then used according to
Equations 3.1 and 3.2 to determine the experimental Cy and W,, for comparison against the

corresponding values obtained from the MCRT simulation.

3.4.5 Monte Carlo Ray-Trace Simulation

Due to the symmetry of the applied irradiation profile, a single center row from the
7X7 pixel projection was simulated as a concession to simulation efficiency. The cumulative
energy delivered within 1 s of exposure to the resin is divided evenly between the rays and
launched based on the UV source intensity distribution. The MCRT simulation assumes
that the matrix complex refractive index and particle size distribution remain constant for
the duration of the radiation exposure and volume loading range studied. Since the resin’s
optical properties do not change during curing, the simulation only needs to be run once to
generate a map of the intensity received by each voxel of the photopolymer resin vat. The

intensity distribution is then scaled by exposure time to produce an exposure distribution.

Lastly, the simulation assumes the required exposure to cure a given region is inde-
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pendent of the particle loading and depends only on the critical curing exposure of the
matrix, E.g,0%. Based on this assumption, the spatial exposure distribution is thresholded
thus, E>E. gy01% is cured, and E<E. 0% is uncured. The cured region’s depth and width
were measured to generate simulated working curves and compared to experimental working

curves obtained using Equations 3.1 and 3.2.

The simulations were performed on a personal computer equipped with an Intel Core
i7-8700 3.2 GHz 6-Core Processor, NVIDIA GeForce RTX 2060 6GB GPU, and 64 GB
DDR4-3000 CL15 RAM. The simulation was coded in Python 3.10, and each simulation was
comprised of 20 million rays, with the total energy input evenly divided equally among the

rays.

3.5 Results and discussion

3.5.1 Monte Carlo Ray-Tracing Material Parameters

Neat Resin Curing Properties

The working curve of the neat acrylate resin for MCRT simulation (Figure 3.4) ex-
hibits penetration depth (D, gy01%) and critical exposure (E. op0%) values of 701 pm and 12.3
mJ/cm?; respectively. These values were acquired using exposure times of between 3.5 s and
5.75 s (14.7 mJ/cm? and 24.15 mJ/cm? exposures), yielding cure depths between 125 pm
and 500 um. The working curve exhibits a strong log-linear relationship with an r? value of
0.99, indicating good agreement with Jacob’s equation (Equation 3.1) and accurate D, gp0%

and E. oo values for the simulations.
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Figure 3.4: Working curve of the polyester acrylate matrix. The dotted line represents the
log-linear best-fit line following Equation 3.1. Penetration depth and critical exposure from
of the polyester acrylate matrix are 701 pum and 12.3 mJ/cm?, respectively.

Powder Properties

Scanning electron microscopy (SEM) of the dry ZnO powder, displayed in Figure 3.5a,
reveals the sphere-like shape of ZnO particles, approximately 20 nm in diameter. Dynamic
light scattering (DLS) confirms this in Figure 3.5b, with a particle diameter spanning 15
to 50 nm, and a mean particle diameter of 21 nm. The MCRT simulation assumes the
particles are spherical and that particle size distribution remains constant for all particle
volume loadings tested. Particles were also assumed to be monolithic and dispersed with no
aggregates in order to keep the scattering physics mathematically simple. This assumption

is justified due to the use of small particles and low-volume loading[76, 77].
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Figure 3.5: a) Scanning electron microscopy of dry ZnO powder at 11k magnification. b) The
particle size distribution of ZnO particles dispersed in the photocurable matrix is determined
by dynamic light scattering (right).

Process Properties

The UV projector’s power flux distribution at the resin surface, displayed in Figure
3.6a, exhibits a 7X7 pixel array with a maximum power flux of 6.8 mW /cm? at the center of
each pixel, and 6.2 mW /cm? cumulative power flux over each pixel area. In order to reduce
the computational resources, the MCRT simulation utilizes the center row of pixels (Figure
3.6b) as the spatial intensity distribution when simulating the cure profiles. This method is
reasonable due to each pixel not overlapping, indicated by each pixel outputting a similar

power flux.
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Figure 3.6: a) The intensity distribution of the projected 7-pixel array on the resin surface
and b) the center row intensity used as the simulation input.

3.5.2 Simulation Results

Due to projecting only a 7-pixel-wide cure profile (Figure 3.6), and at reduced particle
volume loading, individual pixels are observed within the simulated exposure map of the resin
vat (top of Figure 3.7). The exposure also exhibits an expected distribution featuring the
highest exposure at the resin surface radiating outward. The maximum accumulated expo-
sure is also greater than the incident exposure, which indicates light scattering is redirecting

rays and increasing the exposure the resin receives near the resin surface.

Removing exposure values lower than E. o,,% defines the cured region and the resulting
cure profile. The cure profiles exhibit a curved surface and tapering edges near the resin
surface, displayed at the bottom of Figure 3.7. Profiles are observed to decrease in depth

with increasing particle volume loading, consistent with previous literature[18, 21, 22, 23].

Due to the tapered edges, the width of each simulated and experimental profile was
measured at 5 um below the glass slide surface to avoid the influence of the tapered edges.

The profiles also exhibited increased width, but were not as pronounced as the cure depth de-



3.5. RESULTS AND DISCUSSION 55

crease, potentially suppressed by the ZnO absorbing more light as the particle concentration

increased.
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Figure 3.7: Simulated exposure maps of 1-5 vol% ZnO loaded resins exposed for 9 s (top).
Removing the regions below E, .09 reveals the cure profile for each loading (below)

3.5.3 Experimental Results

When exposed to UV, the unfilled resin exhibited a pyramidal cure profile with straight
edges to a curved peak (Figure 3.8). This topology is different than expected compared to
the incident surface intensity. The authors hypothesize that the refractive index of the neat
resin is increasing during curing due to the crosslinking reaction densifying the polymer
chains[78, 79]. This refractive index increase of cured resins creates internal reflections that
alter the path of the light, creating a triangular-shaped cure profile[80]. With particles
present, a portion of the light energy is absorbed, which slows the exposure received by
the resin matrix, slowing the rate of increase in refractive index with respect to time, and
minimizing the impact on the cure profile shape. Additionally, an increasing refractive index
in a filled system is expected to reduce the scattering of the system as the refractive indices

of the matrix and particle become closer.
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Filled cure profiles of printed specimens exhibit expected trends of decreasing cure
depths and increasing cure widths as ZnO volume loading increases. Due to scattering
and absorption from the particles, the filled profiles all exhibit a near-hemispherical shape,

reducing the impact of the increasing matrix’s refractive index.

Figure 3.8: Experimental cure profiles of the matrix (0 vol%) were exposed for 4.5 s (27.9
mJ/cm?), and filled profiles were all exposed for 10 s (62 mJ/cm?).

3.5.4 Comparing Simulation and Experimental results

The measured C; and W,, are plotted against the natural log of respective exposure
to create working curves for both the simulated and experimental data. Figure 3.9 compares
the experimental and simulated working curves, plotted according to Equations 3.1 and 3.2.
The simulation exhibits a high degree of accuracy, with all cure depth predictions within 20
pm, and excess width predictions within 15 pum, of experimental values. This error in the
predictions is below the typical layer thickness (50 um) and projection pixel size (35.5 pum),

and thus below the controllable feature size of the printer.
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Figure 3.9: Comparison of simulated and experimental working curves. The dotted lines are
the linear best-fit relationship based upon Equations 3.1 and 3.2 for the cure depth and over
cure width, respectively.

Trends in the cure depth simulations are observed, with the simulation under-predicting

the 1 vol% samples and subsequently achieving better predictions as the particle loading

increases. In the 5 vol% samples, the simulation over-predicts the experimental cure depths.

The opposing trend is seen in the cure widths, as the error between the simulation and

experimental cure widths increases as ZnO loading increases.

Figure 3.10 displays the average percent error between the simulated and experimental

cure depth and cure width for each ZnO volume loading in Figure 3.9. The value of each
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data point indicates the average percent error between the simulated and experimental Cy
and W, for each ZnO concentration tested. The error bars represent the standard deviation
of these averages. Low standard deviations indicate the percent error to be near constant
between each exposure, thus the slope of the experimental working curves (D, or W,) was
accurately predicted. Conversely, if the standard deviation is large, the percent error deviates
across the exposures tested resulting from the simulation not accurately predicting the slope

of the experimental working curves.

In general, the simulation predicts the profile cure depth values and the D, better than
the width, specifically at the higher loadings tested. The percent error for the cure depth
and cure width both exhibit the highest values, for the loadings tested, at 5 vol%. This
is potentially caused by the filled resin becoming colloidally unstable or the simulation not

accounting for the absorption of the matrix within the scattering intensity distribution.
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Figure 3.10: Average percent error between the simulated and experimental working curves
at each ZnO loading. The error bars represent the standard deviation of these averages. A
low standard deviation indicates the percent error of the simulation was constant and the
simulation accurately predicted the slope of the cure depth and cure width working curves.

3.5.5 Discussion

Despite the strong agreement between the simulated and experimental working curves,
a trend of the simulation over-predicting the cure depth and under-predicting the cure width
is observed, especially as loading is increased. This is potentially caused by the ZnO ag-
gregating more as the particle loading increases. As the particles aggregate, the scattering
intensity distribution changes, which increases the side scattering and decreases the forward
scattering, similar to the scattering of polycrystalline particles[76, 77]. Accounting for ag-
gregated and polycrystalline particles is possible through future iterations of this MCRT
simulation but will require the implementation of different scattering models that are cur-

rently being developed[81].
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Increases in the refractive index of the matrix are not accounted for within the sim-
ulation and defy the assumption of constant optical (refractive and absorptive) properties
during the simulation. However, this is not suspected to be a source of error within the
simulation because as the refractive index increases, it becomes closer to the refractive index
of the particle. The closer the refractive indices the less scattering occurs. This would be

displayed by the simulation over predicting the cure width, which is not the case.

The particle volume loadings tested are relatively low compared to the high-loading
(>35 vol%) ceramic-filled resins used for fabricating and sintering ceramic parts. The ca-
pability of this current model is limited to the modeling of nanocomposites, which typi-
cally use lower ceramic particle loading (<20 vol%)[17, 54, 55, 61]. Increasing the ceramic
concentration presents challenges in both maintaining colloidal stability the assumption of

non-aggregated particles that are discussed above.

3.6 Conclusion

Presented is the validation of a Monte Carlo ray-trace simulation that incorporates
polydisperse particles, volume-loading-dependent light scattering physics to accurately pre-
dict the curing behavior of filled resin, without the need to fabricate or process the filled
resins. The MCRT simulation was validated through comparison against ZnO-filled exper-
imental cure depth and cure width measurements, which were in agreement within 20 pm.
This highlights the value of this simulation for low-volume loading resins and high-refractive
fillers. This accuracy is sufficient for the VP platform, as the simulation is able to match

the resolution accuracy of the VP printer for low-concentration fillers.

The simulation exhibited trends of under-predicting cure width as particle volume
loading increases. This trend is hypothesized to result from aggregating particles due to

colloidal instabilities, hindering the application of the simulation to low loading of ZnO-
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filled resins tested. However, the simulation is expected to predict well at higher loadings
provided the resin exhibits colloidal stability. Aggregated particles are more difficult to
model as the light scattering behavior deviates significantly from the physics used in this
work. Overcoming aggregated particles may require a refined scattering model to determine

the scattering behavior of aggregated and polycrystalline particles.

The MCRT simulation demonstrates accuracy in predicting cure profile shape with
the input of material properties for a bitmap projection. In VP the material properties and
a desired part geometry are known, but the bitmap required to produce said geometry is
unknown. A more practical use for this simulation is to keep material properties constant and
vary the bitmap projection and print parameters. As the bitmap projection and exposure
times change, cure profiles are produced. This can be done iteratively to approach a target
cure profile shape, enabling parts to better match designed geometries. Performing this
process potentially requires executing the simulation thousands of times for each layer. In
order to reduce the runtime, a machine-learning algorithm could be trained as a proxy for

the simulation and significantly increase the throughput of the model.
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Abstract

Vat photopolymerization (VP) of particle-filled resins provides a path toward enhancing the
performance of printed photopolymers. Colloidal latex resins, in which polymer nanoparti-
cles are suspended in a photocurable monomer, have been shown as a means of printing high
molecular weight polymers without a detrimental impact on resin viscosity. However, VP
of such suspension resins results in lower printing spatial resolution compared to optically
homogeneous resins. This is due to the suspended particles scattering and/or absorbing the

incident radiation and redistributing the light intensity orthogonal to the build direction.

The authors present a Monte Carlo ray-trace-based simulation that models the com-
plex UV scattering behavior of filled colloidal resins in order to predict the resulting cured
shape and potentially improve printing resolution. The MCRT simulation accounts for poly-
disperse particles, multichromatic light sources, and incorporates volume loading-dependent
light scattering physics. With this simulation, single layers, or cure profiles, may be sim-
ulated using inputs that can be acquired via common characterization methods such as
dynamic light scattering, Abbe refractometer, UV-vis spectrometer, beam profilometer, and
VP working curves. Simulated cure profiles were validated using experimental printing/cur-
ing trials with a photo-curable styrene-butadiene (SBR) latex resin. Simulated cure profiles
of SBR loadings from 5 vol% to 25 vol% predicted cure depths within 20% and cure widths

within 50% of experimental values.

Keywords: Vat Photopolymerization, Monte Carlo Ray-Tracing, Additive Manufac-

turing, 3D Printing, Light Scattering, Latex
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4.1 Glossary

Cy Cure Depth

D, Penetration Depth

E Incident Exposure

E, Critical Curing (Depth) Exposure

Wy Excess Width
Ey

Critical Curing (Width) Exposure

1(6) Scattering Intensity Distribution
Lbs Scattering Coefficient

Lq Absorption Coefficient

As Transport free path

E.ovor  Critical Exposure of Neat Resin
P(0) Form Factor

Sr(0)  Structure Factor

ky Particle Absorption Index
r Particle Radius

A Wavelength

Qs Scattering Efficiency Factor
E, Energy of Ray

E.o Initial Energy of Ray
Fx(z)  Cumulative Distribution Function
Fi'(u) Inverse Cumulative Distribution Function

Pr Probability Distribution Function
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4.2 Vat Photopolymerization of Filled Resins

Vat photopolymerization (VP) utilizes UV irradiation to selectively cure low-viscosity
photoactive resin, enabling high throughput printing of high-resolution features at unrivaled
accuracy and precision, with respect to other additive manufacturing processes. However,
VP’s reliance on photocuring restricts material selection and its resultant properties. Re-
searchers and resin manufacturers have looked to fill resins with particles to create composites
and/or to photocure scaffolds around particles, which are later pyrolyzed to remove the scaf-
fold and consolidate the embedded particles. VP of filled resins has enabled a wide variety

of novel materials and composites for numerous applications, such as:

hydroxyappitite[82, 83, 84, 85] for osteogenesis and bone tissue scaffolds,

« barium titanate[67, 86], polyvinylidene floride[38], and lead zirconate titanate[16] for

piezoelectrics,

« carbon-based nano-structures[87, 88, 89, 90, 91] for fillers increasing thermal and me-

chanical properties,

o magnitite[92, 93] for imparting magnetic properties,

o silicon nitride[94] and tunston carbide[95] for high hardness applications,

« copper[96] and cobalt[95] for increasing thermal and electrical conductivity,

« high molecular weight styrene butadiene[2] for high strain hysteresis applications,

« and silica[97, 98, 99, 100], alumina[101, 102, 103, 104], and zirconia[104, 105, 106, 107,

108, 109] for a wide variety of high thermal stability applications.
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While these suspended particles expand the VP materials selection and offer additional
functionality, they tend to absorb and scatter the incident UV energy, which restricts the XY
& 7 resolution of each layer. As displayed schematically in Figure 4.1, the light scattering
imparted by the suspended particles results in shallower and wider layers. Thus, producing
parts from these filled resins at the resolution normally provided by VP requires accounting
for light scattering from the particles present. Experimental and analytical approaches have
been proposed to overcome the effects of light scattering in resins and maintain process

resolution with varying trade-offs between applicability and generalizability.

m) UV Light Ray
O Matrix
. Particle

Figure 4.1: a) Homogeneous resin is optically clear causing the incident light to travel straight
down limiting exposure to a particular area causing b) the homogeneous resin to cure only
in the path of the incident light. ¢) With particles present, the light is scattered, increasing
intensity near the resin surface and orthogonal to the incident direction, d) reducing cure
depth and increasing cure width due to the redistribution of light intensity.

A recent experimental approach from Scott et al.[2] uses an embedded camera in the
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VP system and computer vision algorithms to image the back-scattering intensity at the resin
surface of a styrene-butadiene rubber (SBR) latex resin. The surface intensity measurements
are fed into an algorithm along with the resin’s working curve constants penetration depth,
D, and critical curing exposure, E., to predict the layer shape. The bitmap shape is then
iteratively changed until the predicted shape matches the desired layer shape. While this
solution enabled precise printing of colloidal resin, its implementation has to be reconfigured

for each resin formulation and VP system.

Many researchers have attempted to create generalized models to predict light scat-
tering and photocuring. Initial approaches focused on developing modifications to the def-
initions of D, and E. to account for the light scattering and generate a modified Jacob’s
equation, a standard model for predicting VP cure depth. Griffith et al.[69] proposed a
formula to linearly relate cure depth to the scattering efficiency factor. This method failed
to predict experimental results using traditional definitions of the scattering efficiency fac-
tor but was able to force an empirical fit using the interparticle spacing as a proxy for the

scattering behavior.

The effects of interparticle spacing and other scattering-related parameters within a
cure model are difficult to capture due to complicating variables such as those associated
with polydisperse particle systems. Wu et al.[21] demonstrated an experimental approach
using a diffuse wave spectroscopy experiment to measure transport mean free path (TMFP),
a related quantity to interparticle spacing but dependent on the light scattering properties
of the resin rather than the physical spacing of particles. A proposed formula relating
TMEFP and D, demonstrated good agreement between experimental and calculated data;
however, this model requires a curve-fitting constant to relate these values. The constant’s

applicability to other resin compositions has yet to be tested.

Neither of these models addresses predicting a composite resin’s critical exposure, in-
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stead requiring an experimentally derived working curve on multiple filled resins or the
specific filled resin of interest. This reduces their applicability and generalizability, as deter-
mining D, and FE. are the critical values used to describe photocurable resins in VP. Other
approaches that attempt to redefine both variables result in the isolation of the scattering
terms, and require analysis of the resin working curve and/or require even more difficult

experimentation to define[22, 23].

A numerical approach described by Tarabeux et al[24]. uses an iterative optimization
technique to simulate the curing of multi-layer prints from a rastering laser. This approach
requires an initial layer of cured material to define a numerically calculated scattering factor.
Once the scattering factor is determined, the printer properties such as laser velocity, power,
and spacing are able to be altered and subsequently simulated to provide part shape. While
this was a highly applicable approach for fine-tuning processing parameters, this method is
only validated on a single resin system and at a fixed particle loading, requiring each new
material to be fabricated before being simulated. All of these prior approaches rely upon
data acquired from the resin of interest or measurements that are more difficult than the

typical trial-and-error working curves.

In order to avoid having to curate the filled resin of interest, Monte Carlo ray-tracing
(MCRT) uses fundamental material intrinsic properties to simulate light-matter interac-
tions. This enables individual components of a filled resin to be characterized but simulated
as a mixed system. Examples of prior Monte Carlo ray-tracing (MCRT) simulations display
the potential of utilizing simple material and printer parameters of particle size, refractive
index, E. of the resin matrix, and the light source intensity distribution to predict a com-
posite resin’s cure behaviors[110, 111]. Prior research in MCRT simulation of filled resins
has predicted the cure depth and width of ceramic resins within 25%. The error within

the simulation may be attributed to assumptions of mono-disperse particles, and the use of
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dilute independent light scattering physics.

The authors have developed an MCRT simulation that accounts for polydisperse par-
ticles, and multichromatic light sources, and incorporates particle loading-dependent light
scattering physics to model the light scattering and photocuring behavior of varying styrene-
butadiene rubber (SBR) latex-based resins. Latex resins allow for high loadings and larger
particle sizes due to their colloidal stability and amorphous morphology. Similar to the au-
thor’s previous work, described in Chapter 3 this simulation still uses simple parameters of
particle size distribution, the refractive index of matrix and particle phase, critical curing
exposure, and the spatial intensity distribution of the light source, but it also uses a lamp-
based light source. This source produces a broad spectrum of wavelengths requiring the rays
to have a wavelength that dictates their optical behavior. The resulting MCRT simulation
is validated by comparing the simulation results with experimentally determined cure depth

and width measurements across a range of particle loadings.

4.3 Monte Carlo Ray-Tracing Simulation

The MCRT simulation predicts the photocured shape of filled resins by simulating
bundles of photons, or rays, and their interactions with particles and resin. The rays within
the simulation have a wavelength, position, direction, and energy value attributed to them,

which may be altered by the particles and resin they interact with.
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Figure 4.2: Flowchart of the ray-trace algorithm of a single scattering event and the exit
conditions to acquire the image of the cure profile shape with corresponding user inputs and
instrumentation necessary for each step.

The MCRT simulation begins with defining the starting location of the rays. This
is accomplished by measuring the spatial distribution of light intensity of the light source
with a beam profiler, shown in Section 4.5.1. The intensity of the spatial distribution is
treated as a numerical probability distribution that is randomly sampled to determine the
initial location of the ray using inverse transform sampling. This is performed using the

cumulative distribution function, defined as,
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Fx(z) = Pr(X <z)=p. (4.1)

The cumulative distribution function, F'y(x), describes the probability, p, of obtaining value

X < the input, z, in a given probability distribution function Pr. The inverse of F(z),

Fi'(u) =, (4.2)

takes a random value, u, generated from a uniform distribution between 0 and 1 to output
value x. This sampling method allows any numerical distribution to be pseudo-randomly

sampled for the MCRT simulation.

Equations 4.1 and 4.2 are applied to the spectral distribution of the light source which
determines the ray’s wavelength. Both the spatial and spectral distributions are crucial for
modeling VP today, as most VP printer manufacturers leverage lamp-based or UV-LED
sources which exhibit a larger spectral bandwidth and non-Gaussian intensity distribution
compared to laser-based sources. This requires sampling from a numerical distribution and
not analytically described distributions. The energy of the rays is also calculated during
these steps by equally dividing it between the incident energy, determined by the integration

of the spatial distribution.

With the energy, wavelength, and location determined, the first scattering event is
calculated. A scattering event is an interaction of a ray with a particle. The scattering event
results in a ray either being redirected in the same or new direction (scattering) or absorbed
by the particle (absorption). The first parameter in a scattering event is particle size. Par-
ticles within filled resins are polydisperse and are treated as such within the simulation by

sampling using the particle size distribution acquired from dynamic light scattering (DLS)
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as a probability distribution and sampled using Equation 4.2. For each scattering event, or
when a particle size is required for subsequent calculations, a new particle size is sampled to

simulate the polydispersity of the filled system.

To determine if the particle absorbs or scatters the ray, the scattering and absorption
coefficients define the probability of scattering or absorption, respectively, when normalized,

thus ps + i, = 1. Scattering and absorption coefficients are defined as,

1
s = SCMQS/ I(cos®)dcost (4.3)
2r 1
and
4k,
- 4.4
/J/(l )\ Y ( )

where ¢ is the particle volume loading, r is the particle radius, @) is the scattering
efficiency factor, I() is the scattering intensity function, 6, is the scattering angle, A, is the
ray wavelength, and, k,, is absorption index. If the particle absorbs the ray, the energy of
the ray is set to 0; if the ray is scattered, the energy remains constant. Particle scattering

and absorption are deemed sudden death events as the ray has binary outcomes.

The next step determines the distance the ray travels to the scattering event, referred

to as the transport-free path, As. The transport-free path is defined as,

_ —In(RN)

As = )
Hs.avg + Ha

(4.5)

Where RN is a random number uniformly distributed between 0 and 1, ji5 404, is a weighted
average across all us values, with respect to the particle size and particle size distribution.

The p, term does not need to be averaged as it only depends upon wavelength which is
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fixed for the duration of the simulation for each specific ray. The ray travels straight down,
orthogonal to the resin surface for the first scattering event, the distance of the transport-free

path.

Rays that were determined to be scattered, require the scattering angle, 8, to determine
the new direction of the ray. The scattering angle is determined from the scattering intensity

function, I(0) defined as,

1(0) = P(0)Sr(6), (4.6)

where P(0) is the form factor and Sg(#) is the structure factor. The form factor is derived
from Mie theory, which assumes the scattering particle is infinitely dilute (< 1 vol%). In filled
systems, the particle loading is higher causing interference from the neighboring particles
and changing the scattering intensity distribution. This phenomenon is called dependent
light scattering and is corrected by using a structure factor. The structure factor used
in this simulation is the Percus-Yevick hard sphere approximation modified to account for
both a polydisperse particle distribution and charge interactions under a Yukawa (screened
Coulomb) potential[73]. Prior VP MCRT work has ignored dependent scatter; i.e., the
structure factor is assumed to be 1[110, 111]. Similar to previous variables, the scattering

angle is sampled from 7(f) using Eq. 4.2 to dictate the ray’s new direction.

The last phenomenon to account for the scattering event is the loss of the ray’s energy
due to the resin absorption. In photocurable resins, light is absorbed by the photoinitiator
to initiate polymerization. The resin absorption can be accounted for by using the resin
penetration depth D, from the working curve of the neat resin[112]. However, in multichro-
matic UV light sources, each wavelength is absorbed differently; this requires the absorption

of each wavelength to be known. This is accomplished by UV-Vis spectroscopy of the resin
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to define the absorption across the bandwidth of the UV light source (Section 4.4.2). Using

Beer-Lambert’s Law, the energy of the ray, F, is defined as,

E = Ege 2/PrX) (4.7)

where Fj, is the intial energy of the ray before traveling distance As to the scattering event.
Equation 4.7 is applied for each ray with corresponding D, () for the ray’s wavelength. The

energy absorbed by the matrix is added to a voxel mesh.

These steps complete one scattering event resulting in the evaluation of the ray’s energy
and location. If the energy and location of the ray are sufficient, the new particle size for
the next scattering event is calculated for the simulation to repeat. If the energy of the ray
is too low or the ray is out of the bounds, set by the simulation, the ray is eliminated. If
more rays need to be simulated, the next ray is generated to begin the simulation. If all rays

have been simulated, the simulation ends.

The simulation outputs a spatial energy distribution that is normalized by the simu-
lation mesh size to produce the power flux distribution. This distribution is scaled by the
desired exposure time to produce the spatial exposure distribution. The exposure values for
each voxel in the simulation are compared to the critical curing exposure, E. ,0%, acquired
from the neat resin working curve. Voxels below E, .09 are removed from the mesh while

those greater than E, . define the simulated cure profile shape.

4.4 Experimental Methods

The MCRT simulation produces an exposure distribution within the vat using exper-
imentally measured scattering parameters of particle size distribution, complex refractive

index, and the UV irradiation source’s intensity distribution. In an effort to validate this
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MCRT simulation and its use on colloidal resins, resins featuring a range of SBR particle
volume loadings were synthesized, characterized, and printed in a top-down VP system.
The results of the MCRT-simulated cure profiles are then compared against the physical

measurements of printed specimens for each loading.

4.4.1 Photocurable Latex Resin

Styrene butadiene rubber (SBR) latex (Rovene 1476) was donated from Mallard Creek
Polymers Inc. The latex contains 50 vol% SBR with particle diameters ranging from 120-
170 nm. The particles are charged and stabilized with a small amount of carboxylic acid
neutralized by ammonia. Matrix components include 1-Vinyl-2-pyrrolidone (NVP) and
poly(ethylene glycol) (PEGDA 575 g/mol), purchased from Millipore Sigma and used as
received. The water-soluble photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphate
(LAP) was synthesized from dimethyl phenylphosphonite (purchased from Alfa Aesar),
2,4,6-trimethylbenzoyl chloride, lithium bromide (purchased from Fisher Scientific), and 2-
butanone (MEK) (purchased from Millipore Sigma), and combined following the procedure

described in Fairbanks et al.[113]. All reagents were used as received.

Photocurable latex resins used were modified from previous work[2, 3] at loadings of 0,
5, 10, 15, 20, 25, 30 vol% SBR particles with respect to the entire system. The NVP, PEGDA
concentrations were kept constant for all samples at 9.25 vol%. LAP was also kept constant
at 0.5 wt% of the total resin mass for all samples. The remaining vol% was comprised of
added deionized water. Resin formulation is completed under constant stirring, which begins
with the addition of deionized water to the SBR latex, followed by multiple small additions
of LAP until the entire amount is dissolved, and lastly, slow (1 drop/s) drop-wise addition

of the NVP/PEGDA mixture.
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4.4.2 Characterization of Resin

The SBR particle size distribution was determined using dynamic light scattering
(DLS) with a Malvern Zetasizer. Measurements were taken at 1 vol% SBR in deionized
water and repeated in triplicate. The refractive index of the matrix was measured using an
Abbe refractometer, and literature values were used for the RI of the SBR of 1.57[114]. The
penetration depth of the matrix, D) ,0%, and the absorption index of the SBR, k,, were
measured using an Agilent Cary5000 UV-Vis-NIR. Absorption of the liquid matrix and an
SBR film were measured separately at wavelengths, A\, ranging from 350 nm to 500 nm in

polystyrene cuvettes. The absorption values, A, were converted to absorption coefficient, «,

a = 2.3034/1t, (4.8)

where t is the path length of the sample. The absorption coefficients are then converted into

penetration depth, D,, or the imaginary component,

1
DP - 57 (49)
and the refractive index, k, of the matrix or SBR
A
. (4.10)
4

4.4.3 Characterization of VP Process

A custom top-down mask-based VP printer, equipped with a high-resolution 1080p

Texas Instruments DMD (0.65”) projector, was used to fabricate experimental specimens
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for simulation validation. A Dymax Bluewave 75 spot-cure lamp broad spectrum UV with
emission ranging from 350 to 500 nm was used as the light source. Filters within the projector
significantly reduced the power flux below 400 nm. After magnification, the projected pixel
size is 31.75 pum, with a maximum cumulative power flux of 22.68 mW /cm?. The spatial light
intensity distribution was measured using a Newport LBP2-HR-VIS3 laser beam profiler.
The spectral intensity distribution provided by the light source manufacturer was used,
displayed in Section 4.5.1. The resulting spatial and spectral intensity distributions were
incorporated into the ray-trace simulation to determine ray location and wavelength, as per

Figure 4.2.

4.4.4 Characterization of Printed Cure Profiles

Cure profiles were fabricated by projecting UV radiation through a glass slide that is
placed on the surface of the resin vat; similar to the configuration described by Gentry et
al.[18]. A 32-square pixel bitmap was projected for different exposures through the glass
slide, curing the resin on the opposite surface. The resultant cure profiles were rinsed with
DI water, and excess water on the glass slide was blown away with compressed air. The
remaining water on cured layers was then removed with a Kimwipe. The printed cured
profiles were then imaged from the size with a Dino-lite AM3111 digital microscope. Figure

4.3 provides a schematic of the measured dimensions of the cure profiles.

The neat resin cure profiles are characterized using Jacob’s equation to relate the

exposure dosage to the resulting cure depth (Z-direction) defined as,

E
Cy = D,ln (E) : (4.11)

where, F, is the incident exposure irradiation of the resin surface, Cy, is the cure depth
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Figure 4.3: Schematic of a cure profile and the measured quantities of cure depth, Cy, and
cure width overcure, W,,, to characterize a cure profile.

of the cure profile, D, is the penetration depth, and E. is the critical curing exposure.
Equation 4.11 is used to calculate the critical curing exposure of the neat resin, F. 0%,
used in the simulation. Jacob’s equation is derived from Beer-Lambert’s Law which assumes
a homogeneous material; however, filled resins are still able to be modeled using a quasi-
Beer-Lambert relationship to describe the cure depth and width directions[18]. Relating

cure width and exposure is described by,

E
W,y = W,ln (E_w> : (4.12)

where W,, is the excess cure width or the cure profile width minus the desired cure width
from the bitmap projection (1016 pym for this work). W), is the cure width sensitivity or
the rate of change in the profile cure width, and, F,,, is the width critical exposure dosage.
Due to the quasi-Beer-Lambert relationship, F,. and E,, of filled resins are not real exposure
values but relative terms to describe the ease of the resin to cure in the Z or XY direction,

respectively.
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4.4.5 Implementation of the Monte Carlo Ray-Trace Simulation

The experimental inputs of UV projector intensity distribution, particle size distribu-
tion, refractive index, and medium D, (referred to as D, g,01%) are used to calculate transport
free path, scattering coefficient, absorption coefficient, and scattering intensity distribution.
These terms dictate the rays’ travel and interactions within the simulation, as shown in

Figure 4.2.

The simulation begins with determining the position and wavelength of the ray using
the spatial and spectral intensity distribution, displayed in Section 4.5.1 (Figure 4.4). The
first particle size is calculated which dictates how the ray is scattered/absorbed. If the
particle absorbs the ray, its energy is reduced to 0, if the ray is scattered, the energy remains
constant. The transport-free path, the distance the ray travels in the matrix to reach the
particle, and the scattering angle are calculated, to determine the direction and distance the
ray travels after scattering. The energy of the ray is reduced based on the distance traveled
and the D, oy0%. This process continues until all of the rays are absorbed or exceed the
spatial bounds set by the simulation. The energy of the rays are recorded throughout the
simulation to produce a spatial exposure distribution that is scaled by the desired exposure
time. Exposure values less than E,. o,0% are defined as uncured and are removed to produce

a simulated cure profile.

The simulations were performed on a personal computer equipped with an Intel Core
i7-8700 3.2 GHz 6-Core Processor, NVIDIA GeForce RTX 2060 GPU, and 64 GB DDR4-3000
CL15 RAM. The simulation was coded in Python 3.8, and each simulation was comprised

of 40 million rays.
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4.5 Results and Discussion

4.5.1 Characterization of MCRT Simulation Inputs

Irradiation

Previous MCRT simulations of VP are based on laser sources, enabling an assump-
tion of a single wavelength and a Gaussian intensity variation within the beam radius[111].
However, such simple analytical curves cannot represent the output of projectors with bulb
sources that contain spectral distributions across multiple wavelengths. Figure 4.4 displays
the measured spectral distribution and the UV source intensity distribution at the resin
surface for the lamp used in the experiments described here. Because simple analytical
equations can describe neither of these distributions, the present simulation uses numerical
representations of these measurements for all bitmap projections and spectral distributions.
Both distributions are described by probability distribution functions when determining the

wavelength and starting location for a given ray entering the resin in Section 4.5.2.
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Figure 4.4: Spectral distribution of the incident radiation (left) and spatial flux distribution
at the resin surface (right). These data are utilized as probability distribution functions to
determine the wavelength and starting location of a given ray.
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Particle Size

Particle size distribution measurements via DLS revealed SBR particle radii between
45 and 128 nm, with a mean radius of 70 nm, as shown in Figure 4.5. The particle size
distribution is assumed to remain constant and independent of particle volume loading within

the MCRT simulation.
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Figure 4.5: Dynamic light scattering of SBR latex particles at 1 vol%. The mean particle
radius is 70 nm.

Literature sources indicate a refractive index of SBR of approximately 1.57[114]. Re-
fractive index measurements of the uncured and cured matrix via refractometry yielded 1.355
and 1.356, respectively, indicating the refractive index is not increasing significantly and is
constant for the duration of the exposure. The increase of refractive index in the matrix
is potentially suppressed due to the high water content being the dominant factor in the
refractive index of the matrix. Other solvent-based resins are expected to exhibit similar

behavior while photocurable moieties are at low-volume loadings (<50 vol%).
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Absorption

The absorption index of the SBR and penetration depth of the matrix as measured
by UV-vis spectroscopy are displayed in Figure 4.6. Both the matrix and SBR exhibit
higher absorption at lower wavelengths. Inversely, the majority of the projector spectral
intensity (Figure 4.4), occurs at wavelengths >400 nm. This creates an inefficient energy
transfer to the photoinitiator (LAP), as it only absorbs light <420 nm[113], which leaves
only a 20 nm bandwidth to be used for photo-curing. Because of the nonlinear relationship
between D, and wavelength, the simulation uses wavelength-dependent D, (\) data from UV-
vis spectroscopy, rather than an average D, that is typically acquired from an experimentally

established working curve.
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Figure 4.6: Measured absorption of SBR film and penetration depth of the matrix.

The low absorption rate of the matrix at wavelengths above 400 nm (Figure 4.6) results
in the 0 vol% SBR resin’s high D,, and E, values of 6835 + 256 um and 40.4 4+ 8.7 mJ/cm?,
respectively, extracted from the 0 vol% experimental working curve shown in Figure 4.7. The

neat resin’s lack of light attenuation results in low crosslink density and tall cure profiles.
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Due to the neat resin’s low cure modulus, these profiles are difficult to measure and may

exhibit different photocuring properties than those measured, discussed in Section 4.5.4.
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Figure 4.7: Experimental working curve of the resin matrix containing no particles. The
equation and R? value of the log-linear best-fit line is displayed. Penetration depth and
critical exposure of the neat resin are 6834 pm and 40.4 mJ/cm2, respectively.

4.5.2 MCRT Simulation Results

The simulation of each SBR resin formulation displays a smooth exposure gradient into
the vat with the highest energy at the surface of the resin. Examples of simulated exposure
distributions for 6 s (136 mJ/cm?) of exposure time across each SBR, volume loading tested

are displayed at the top of Figure 4.8.

The resulting exposure distributions of the 5 vol% and 30 vol% resins exhibited a
maximum exposure value at the resin surface of 300 to 333 mJ/cm?, respectively, for a 6
s exposure (136 mJ/cm?). These maximum accumulated exposure values are more than
double compared to unfilled resin, which had a maximum exposure of 136 mJ/cm?. This is

an expected outcome due to scattering light energy accumulating near the resin surface for
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filled resins.
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Figure 4.8: Exposure distribution from 5 to 30 vol% exposed for 6 s (136 mJ/cm?) created
by the simulation (top). Removing the pixels below the critical exposure to cure, E. gyo%,
displays the cure profiles (bottom). Due to increased particle scattering and absorption, the
cure profile depth reduces as SBR vol% increases.

By removing the exposure values below E. g, from the MCRT exposure maps (Figure
4.8a), the cure profiles are revealed. The resultant predicted cure profile is visualized at the
bottom of Figure 4.8. Due to the increased scattering and absorption, the simulated cure
profiles display a reduced cure depth as the SBR vol% increases. The cure width is expected
to increase as the SBR vol% increases, however, the authors suspect that the absorption of
SBR reduced the increase in width. Most notably, the simulated profiles exhibit a tapering

effect at the resin surface, resulting in a very thin cure depth at either end of the profiles.

4.5.3 Experimental Printing Results

Experimental printing conditions demonstrate that introducing SBR particles increases
light attenuation and decreases profile depth, observed in Figure 4.9. The 0 vol% SBR resin
cure profiles exhibited a curved surface, despite the incident intensity distribution being flat.
The curved surface is attributed to the resin being a gel and the surface tension of the water
forcing the cure profile to be rounded, unlike non-solvent-laden resins which exhibit more

triangular cure profiles.
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Figure 4.9: a) The experimental cure profile of 0 vol% SBR exposure for 4.5s (102 mJ/cm?)
and b) the experimental cure profile of 25 vol% SBR at 9 s (204 mJ/cm?).

A substantial reduction of the D, is observed even at 5 vol% SBR, from 6834 pm
(Figure 4.7) to 211 pm (Figure 4.10b). As the SBR loading increases, the D, decreases, with
the exception of the 30 vol% samples. This is potentially caused by colloidal instability from
observed particle aggregation, believed to be caused by the relatively high LAP concentration

compared to previous latex printing resins|3].
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Figure 4.10: Plots of working constants a) critical depth exposure, E., critical width expo-
sure, F,, and b) penetration depth, D,, and penetration width, W), with respect to the
SBR vol%. While all working curve constants were expected to decrease with increasing
SBR vol%, only D, displayed a decreasing trend, with the exception of the 30 vol% resin
due to colloidal instability.
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The authors hypothesized that Ec would also decrease with increasing particle loading
due to specific regions of the vat receiving higher exposures due to scattering; however, the
light absorption of the particles may be suppressing this effect. Unlike the simulated cure
profiles in Figure 4.8 that displayed tapering edges, only a few experimental cure profiles
displayed them. The authors hypothesize these features may have been present in potentially
all of the experimental data but were destroyed during the cure profile washing and drying
steps. This region of the cure profile would likely exhibit low modulus due to the low energy
absorbed as shown by the bottom of Figure 4.8 and would be further impacted by oxygen
inhibition in experimentally measured profiles. These artifacts may be the result of the
high amount of error exhibited in the experimental cure width measurements. Alternatively,
it may result from changes in the optical properties of the resin during curing, which was
not taken into account in the simulation. However, changes in absorption properties during

curing were unable to be measured.

Investigating the curing behavior in the XY direction displays that W), is less than D,
for all SBR loading cases. This indicates that light is attenuated more in the XY direction
compared to the Z, causing faster curing in the Z direction. This is in agreement with F,,
values, which are greater than E,., indicating curing in the Z direction is dominating. Similar
to curing in the Z direction, no trends were observed in E,,; however, this could be a result
of the large error of the cure profile measurements. The W, data also exhibits no trend, but
mimics the D, data with a large increase in both values for the 30 vol% SBR case. Causes for
the high error are contributed to the rapid drying of the profiles due to the high surface area
of the cure profiles. The cure profile width contracts due to water evaporation, shrinking
the profiles over short periods of time. This phenomenon will be discussed in greater detail

in Section 4.5.5.
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4.5.4 Comparison of Simulation and Experimental Results

Figure 4.11 displays the cure depth and cure width of simulated and experimental cure
profiles vs the natural log of the exposures applied to the resin surface. The cure depths and
widths of the simulated profiles were measured at their thickest and widest section of the cure
profiles, respectively. Due to the large variance in experimental cure profile measurements,
the lower and upper bounds of the predicted depth and width measurements (created by
using the bounds of the E. 0% standard deviation from the neat resin working curve)
are shown in Figure 4.11. Despite a constant standard deviation in E. .09, the variation
in the simulation predictions is larger at lower SBR volume loading due to reduced light
attenuation, enabling deeper cure profiles. The cure widths of simulated cure profiles are
generally constant which may be caused by the particle absorption reducing the sensitivity

of filled resin to cure width changes.

Comparing the cure depths, the simulation tends to over-predict the thickness and
the resulting slope at low-volume loadings. As the volume loading increases, the simulation
accuracy improves, with near-perfect accuracy for the 25 vol%. The 30 vol% experimental
trials exhibited colloidal destabilization with particle aggregation and separation from the
matrix, which causes a large change in resin optical properties that the simulation is not

accounting for, and leads to a large prediction error.
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Figure 4.11: Experimental and simulated working curves of cure depth and width of 5 to
30 vol% SBR samples. Error bars on experimental data represent the standard deviation
on that particular sample; the aura around the simulated data represents the resulting cure
distance of the upper and lower bound of the E, ,0% standard deviation.

Comparing cure widths, the simulation consistently over-predicts the value of W,
with the exception of the 30 vol% samples. The simulation also under-predicts the W,
slope, resulting in poor predictions at low exposures, with accuracy increasing at the higher

exposures used.

Figure 4.12 consolidates Figure 4.11 by recording the percent error between the simu-
lation and experimental trial across all exposures for each SBR volume loading. The percent

error value corresponds to the simulation accuracy in predicting C; or We, on average for a
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specific SBR loading. The standard deviation of the percent error is represented by the error
bars. Unsurprisingly, the simulation exhibits better accuracy in cure depth predictions with
an average of all predictions falling within 20% of the experimental trials, with the exception
of the 30 vol% as previously discussed in Section 4.5.3. The standard deviation of the C,
predictions is also much smaller, indicating the simulation performed better at predicting

the slope of the working curves (D, or W,,).
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Figure 4.12: Average difference between experimental and mean of simulation data for each
vol% sample. No obvious trend in the simulation performance is observed. Error bars
represent the standard deviation of differences of each plot in Fig. 4.11.

4.5.5 Discussion

The authors hypothesize that the two largest sources of error result from the neat

resin’s low absorption (Figure 4.6a) and low cure modulus. The neat resin’s low absorption
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results in large cure depths exceeding 2-6 mm which is significantly larger than the typical
layer height used for VP (50-150 pm). The large cure depths may be causing changes in
the resin absorptivity, or optical bleaching, resulting in a non-linearity of the working curve
[115]. Compounding the large cure depths with the low modulus of the profiles causes the
profiles to deform under low-force events, such as the movement of the glass slide, reducing
the accuracy of the cure profile measurements. The combination of the neat resin’s large
profiles and low cure modulus results in difficult, error-prone cure depth measurements with

+ 500 pm standard deviation (Figure 4.7).

Another source of error is caused by the drying-induced shrinkage of the filled latex-
cured profiles. The filled cure profiles are rinsed and the excess water is manually dabbed
from the glass slide. The profiles will also quickly dry due to the large surface area and
potential additives within the SBR latex. Variations in the water content of the profile alter
the swelling and size of the profiles. Differences in the cure profile volume and SBR content

will alter the water content and drying rate of the profile.

Other potential causes for discrepancies between the simulated and experimental re-
sults could include photocuring phenomena that the simulation does not directly account
for, such as oxygen inhibition. Oxygen inhibition plays a large role in the retardation of
free radical polymerization, requiring resins to have sufficient photoinitiator concentration
to both consume the oxygen present and initiate the polymerization reaction. The resins
used in this study contain a low concentration of photoinitiator (0.5 wt%) that is more
susceptible to oxygen inhibition effects. The MCRT simulation partially accounts for the
oxygen/photoinitiator consumption through the neat resin working curve (Figure 4.7), but
as stated above, suffers from other sources of errors. Assuming the neat resin’s working
curve is accurate, the oxygen and photoinitiator consumption rates may differ due to higher

light intensity in the filled resins from light scattering (Figure 4.8).
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4.6 Conclusion

Presented is a Monte Carlo ray-trace simulation for predicting the cure profile shape
of vat photopolymerization resins containing light-scattering particles. In contrast to other
attempts to model similar systems, this simulation utilizes only common experiments to
determine material constants and handles all data numerically to easily treat polydisperse
particle distributions and non-Gaussian, broad-spectrum light sources. The physical mod-
els utilized are universal and are valid for use in any spherical particle-filled resin system.
However, predicting the curing behavior of the latex-based (solvent-based) resins results in

additional challenges to achieving accurate predictions.

The objective of this work is to demonstrate the prediction of an SBR-filled latex cure
profile shape using an MCRT simulation. The MCRT simulation predicts the cure depth and
width within two-layer thicknesses (100 um) on average for all stable colloidal samples. The
simulation demonstrated higher accuracy in predicting cure depths (<20% error) compared

to cure widths (50% error).

Experimental measurements of the printed low-modulus hydrogel, which shrank dur-
ing drying due to the included solvent, proved challenging and likely led to experimental
measurement errors. Measurement error is expected to be reduced by increasing the pho-
toinitiator concentration and increasing the crosslinker concentration to produce smaller and

higher modulus cure profiles.

Improving the measurement of cure profiles and decreasing error in experimental data
is crucial to the validation of this simulation and being a viable modeling technique for
latex-based resins. Developing latex resins with high colloidal stability allows for an in-
creased concentration of photoinitiator will reduce susceptibility to oxygen inhibition and

the cure depth of the neat resin. Additionally, increasing crosslink density by increasing
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the concentration of crosslinkers will allow for stiffer cure profiles. Both of these changes in
resin composition, if adopted, are hypothesized to decrease the error of the measurements

and may result in better agreement with the simulation.
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Chapter 5

Conclusions, Contributions, and

Future Work

5.1 Summary

The overall research goal of this dissertation is to improve the printability and pro-
cessing of performance polymers with vat photopolymerization focusing on solvent-based

printing. The research was conducted from two perspectives:

1. Novel vat photopolymerization materials were developed to address the lack of perfor-

mance materials while maintaining ease of processing.

2. A process simulation was developed to predict the light scattering and photocuring

behavior of particle-filled resins.

The results of this work demonstrate a novel polyimide printing platform that main-
tains low viscosity and is also modular to allow for tunable properties without additional
synthetic steps that are capable of printing high-resolution parts. The process simulation
demonstrated a high degree of accuracy at low particle volume loadings and utilized only eas-
ily acquired experimental inputs. The chapter-wise overview of the conclusions is presented

in Sections 5.1.1-5.1.6.
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5.1.1 Summary of Chapter 2

Table 5.1: Research Objective (RO) 1 and its developmental objective (DO) and driving
research questions (RQ).

RO1 | Investigate the influence of scaffold architecture and monomer com-

position in polysalt-polyimide resins (Chapter 2)

RQ1.1 | How does incorporating a non-bonded scaffold influence photocuring and the
printing of complex parts?

RQ1.2 | How does a scaffold with low thermal stability affect burnout and thermal
properties?

RQ1.3 | How is morphology affected during the imidization protocol?

To address RO1 an ODPA-ODA polyimide polysalt was synthesized through tetra-acid
and half-ester routes with a TEGDMA scaffold. The monomers were selected both to study
the impact of polarity on solvent retention and resulting imidization, as well as demonstrate
the modularity of the polysalt platform when used with an unbound scaffold. Parts were
processed up to 400 °C with some specimens processed stopped at 300 °C to analyze the

post-processing.

5.1.2 RQ 1.1

Both the tetra-acid (ODPAC-ODA) and half-ester (ODPAE-ODA) systems demon-
strated photocuring using a photorheometer with crossover time of 7 s and 10 s, respectively,
and both materials achieved a plateau storage modulus near 10° Pa. Tetra-acid and half-
ester resins were printed with 8 s and 12 s exposure times, respectively, and enable solid

parts as thick as 3 mm and complex latticed parts to be fabricated.
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5.1.3 RQ 1.2

Thermal post-processing removes a large majority of the TEGDMA scaffold with only
3 wt% of the scaffold remaining within the final part processed, determined with TGA.
An 8% increase in char yield was observed in the half-ester composition compared to the
tetra-acid when processed to 400 °C. The char yield inequality was also observed in scaffold-
free control specimens, lending evidence that the scaffold does not affect the degradation
process of the materials. The cause of the increased char yield is attributed to incomplete
imidization of the half-ester. The degradation of the half-ester increased the Ty to 380 °C
compared to the tetra-acid T, of 260 °. The degradation is likely caused by the reduced
polarity of the half-ester resulting in poorer solvent retention and reduced imidization. The

lower imidization leaves amide-based repeat units which degrade between 300 and 400 °C

5.1.4 RQ 1.3

Printed parts are homogeneous and transparent immediately after printing but become
opaque within 12 hours of air drying, for thick and latticed part geometries. Once post-
processed to 300 °C both tetra-acid and half-ester thick parts exhibit a connected globular
morphology, with each glob containing a micro-nano structured morphology. When processed
to 400 °C, the macro-nano structured morphology disappeared resulting in homogenous
globs. Scaffold-free control specimens exhibited similar morphology to printed specimens,
with less porosity observed within the lower scale morphology. Interestingly the half-ester
latticed parts exhibited a fully homogenous microstructure when processed to 300 and 400
°C, but the tetra-acid lattice processed to 300 °C exhibited a highly connected globular
morphology similar to the thicker samples. The formation of the morphologies observed is
attributed to solvent volatilization during post-processing. Specimens that are thin and/or

with lower polarity expel more solvent allowing for less solvent present during post-processing
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and reduced porosity.

5.1.5 Summary of Chapter 3

Table 5.2: Research Objective (RO) 2 and its developmental objective (DO) and driving
research questions (RQ).

RO2 | Model and predict cure profile shape of ceramic filled resins using

Monte Carlo ray tracing simulation (Chapter 3)

DO2.1 | Develop a Monte Carlo ray-tracing simulation to model the light scattering
behavior of photocurable resins.
RQ2.2 | What is the accuracy of the MCRT simulation when photocuring of ZnO-filled

resins?

To address this research objective, first, an MCRT simulation was developed using
volume-loading-dependent light-scattering physics to determine how particles scatter the
incident light. Rays are launched in the resin and redirected or absorbed each time they
collide with a particle, losing energy as they travel through the matrix. This process produces
an exposure map that determines regions of cured and uncured resin, revealing the cure
profile shape. The MCRT simulation requires inputs of the complex refractive index of the
particles and matrix, particle size distribution, and spectral and spatial intensity distribution
of the UV source. These variables are used to calculate volume-dependent light scattering
terms to simulate light rays and resin absorption to produce a 2D representation of the cure
profile shape. Experimental cure profiles are fabricated and imaged to optically measure the
depth and width of the cure profile. The simulation predicted the dimensions of ZnO-filled
resins cure profiles with a dimensional error of 10% (20 pm) or less for the cure depth and
30% (15 pm) or less for the cure width for particle loadings up to 5 vol% (Figure 3.9 & 3.10).

This error corresponds to length scales smaller than a single projected pixel, which is below
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the controllable resolution of the printer. This indicates the simulation accurately predicts
cure profile shapes and demonstrates this simulation viability for predicting nanocomposite

resins that contain low-volume loadings of small particles.

5.1.6 Summary of Chapter 4

Table 5.3: Research Objective (RO) 3 and its developmental objective (DO) and driving
research questions (RQ).

RO3 | Model and predict photocuring in light scattering resins (Chapter
4)

RQ3.1 | What is the accuracy of the MCRT simulation when photocuring of latex-based

resins?

Latex-based resins have displayed fabrication of high elongation elastomers but strug-
gle to achieve high resolution in VP-based printing due to light scattering. Predicting the
light scattering behavior provides a means to improve the resolution and fabricate high-
performance parts are VP-relevant resolutions. SBR-latex resin was developed with SBR
loadings varying from 5-30 vol%. The MCRT simulation predicted all of the cure depths
within 20% (100 pum) or less and cure widths within 50% (100 pum) or less (Figure 4.11 &
4.12). The simulation exhibited higher error compared to the ZnO resins, believed to be
caused by the high water content within the latex resin. Once the cure profiles are formed,
the water quickly evaporates causing the profiles to shrink and making dimensional mea-
surements inconsistent. Another potential cause of the high error is the low photoinitiator
concentration, which reduced the resin matrix absorption, creating large, weak, and difficult

cure profiles to measure (Figure 4.7).
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5.2 Contributions

5.2.1 Scientific Contributions

The following is a list of scientific contributions that advance the materials develop-

ment and process corrections to the vat photopolymerization field.

1. Chapter 2 Investigated the impact of scaffold architecture on polysalt resin

(a) Unbound scaffold in gel-based resins enables near-complete removal of photocur-
able scaffold to produce parts with properties uninfluenced by the printing/scaf-

fold process.

(b) Developed polysalt platform which is modular to print a variety of salt-based
monomers, including polyimides and polyamides, without redesigning synthetic

strategy.

2. Chapter 3 4: Developed a physics-based MCRT simulation to predict the photocur-
ing and light scattering behavior of filled resins. First VP ray-tracing-based simulation

to:
(a) Utilize polydisperse particle size distributions for a more accurate representation
of particles with resins.

(b) Model multichromatic light and projection-based light sources expanding the VP

modeling space from laser-based sources.

(c) leverage volume-dependent light scattering physics through the use of structure

factors for more accurate light scattering physics at high particle volume loading.
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(d) Use a combination of both sudden and slow death ray tracing techniques in the
same simulation to maximize data generated per ray, reducing computational

time /resources.

(e) These additions provide a physically accurate representation of the filled resins
and light source parameters to accurately predict photocured shape but allow

future development for improving printing parameters and printing resolution.

5.2.2 Publications

Chapters 2-4 represent completed, or planned peer-review publications. The title and

associated research objective are listed below:

1. RO 1: Vat Photopolymerization of ODPA-ODA Polysalt through nonbound scaffold-

ing. Prepared for submission in Polymer

2. RO 3: Simulating Ceramic Filled Vat Photopolymerization Resins Using Monte Carlo

Ray-Tracing. Prepared for submission in Journal of Applied Optics

3. RO 2: Simulation of Light Scattering in Vat Photopolymerization Latex Resins Using

Monte Carlo Ray-Tracing. Prepared for submission in Additive Manufacturing

5.2.3 Co-authored Publications

1. Kasprzak, C. R., Brown, J., Feller, K. D., Scott, P. J., Meenakshisundaram, V.,
Williams, C. B., Long, T. E., (2022). Vat Photopolymerization of Reinforced Styrene-
Butadiene Elastomers: A Degradable Scaffold Approach,ACS Appl. Mater. Interfaces,
14, 16, 18965-1897

2. White, B. T., Meenakshisundaram, V., Feller, K. D., Williams, C. B., Long, T. E.,
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(2021), Vat photopolymerization of unsaturated polyesters utilizing a polymerizable

ionic liquid as a non-volatile reactive diluent, Polymer, 14, 16, 18965-1897

Scott, P. J., Meenakshisundaram, V., Hedge, M., Kasprzak, C. R., Winkler, C. R.,
Feller, K. D., Williams, C. B., Long, T. E., (2020), 3D Printing Latex: A Route to
Complex Geometries of High Molecular Weight Polymers, ACS Appl. Mater. Inter-
faces, 12, (9), 10918-1092

Scott, P. J., Kasprzak, C. R., Feller, K. D., Meenakshisundaram, V., Williams, C.
B., Long, T. E., (2020) Light and latex: advances in the photochemistry of polymer
colloids, Polym Chem, 11, 3498-3524

Appuhamillage, G. A., Chartrain, N., Meenakshisundaram, V., Feller, K. D., Williams,
C. B., Long, T. E., (2019), 110th Anniversary: Vat Photopolymerization-Based Addi-
tive Manufacturing: Current Trends and Future Directions in Materials Design, Ind.

Eng. Chem. Res. 58 (33), 15109-15118

Aduba, D. C., Feller, K. D., Long, T. E., Williams, C. B., (2017), A Topological Ex-
ploration of Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymer-

ization, International Solid Freeform Fabrication Symposium, Conference Proceedings

5.3 Limitations, Assumptions and Future Work

5.3.1 Polysalt modular platform

The non-bound TEGDMA with ODPA-ODA polysalt is a highly modular platform

that could be invaluable to produce a wide variety of printed parts and properties. How-

ever, difficulties in the development of the ODPA-ODA polysalt highlight some limitations

in the process. The post-processing protocol developed for the polysalt is not optimized with
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parts experiencing warpage and cracking potentially due to varying levels of solvent content.
Further experimentation is required to optimize the processing steps to fabricate consistent
parts. Interestingly, the half-ester-based polyimides underwent partial degradation in both
printed and control specimens during imidization. This outcome had a beneficial result of
greatly increasing the Tg of printed parts but highlights the lack of exploration of producing

non-printed polymers through polysalt precursors.

Future work on the polysalt platform includes further investigation and optimization
of the post-processing protocol to reduce part warpage and potentially limit phase sepa-
ration. Expanding testing to mechanical testing of tensile properties, and exploring the
impact of printing on the dielectric properties. Further exploration into the generalizability
of this method through testing a wider variety of polyimides, polyamides, and other polysalt-

compatible polymers.

5.3.2 Monte Carlo Ray-Tracing Simulation

Like all MCRT simulations, the simulation developed in this dissertation is based on
numerous assumptions. The most critical assumption is the assumption of constant material
optical properties throughout the exposure. This assumption is valid for the refractive index
in the latex-based resin, but the photoinitiator consumption was not accounted for. As the
initiator is reacted, the absorption of the material decreases and the light energy traverses
farther in the resin. Accounting for this factor in future work is expected to assist in better
predictions of the cure width which the simulation tended to under-predict in both the latex
and ceramic resins. This addition does require the simulation to be run for each time step,

significantly increasing the time for the simulation.
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Oxygen inhibition is another factor that may need to be addressed in future iterations
of this simulation. Despite the simulation partially accounting for this in the Z-direction,
oxygen inhibition varies with dosage. The energy dosage in the XY direction is different
potentially resulting in poorer predictions for cure width.

The current simulation relies upon the working curve of the resin to define the cri-
teria of curing based on an exposure value. Using the working curve is very simple to use
but can only define curing as a binary value (cured or uncured). However, curing is not
a binary property, it is continuous and is frequently related to (storage/loss) modulus. To
better capture the contiguous nature of curing, the simulation can utilize photorheological
data to relate exposure to modulus. This allows the simulation to output a modulus map
instead of an exposure map to better describe the mechanical properties throughout a layer
or part. Alternatively, the exposure can be related to reaction conversion through the use
of free radical polymerization kinetics-based models[68]. These models do require more ex-
perimentation to construct but are simplified through the use of an FTIR-photorheometer
to relate exposure, modulus, and conversion together[116]. The simulation currently
operates by taking in material properties and a bitmap intensity distribution to output the
cure profile shape referred to as the forward model. The simulation in this state is not
particularly useful as the cured shape is traditionally a fixed variable that is targeted. A
more useful model should output the bitmap intensity distribution, an easily adjusted print
parameter, required to photocure the desired layer shape, referred to as the inverse model.
This advancement could be achieved by executing the simulation repeatedly making small
changes to approach an optimized solution is reached. This methodology is slow, especially
for resin systems with low absorption that requires long computational run times.

A faster solution is leveraging a generative adversarial network (GAN). A GAN is a
machine-learning method that contains a generator and a discriminator neural network. The

generator is trained using the intensity distribution (and material properties) as the input
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and cured layer shape as an output, a proxy for the simulation, or a forward model. Simul-
taneously, the discriminator is trained by using the generated cured layer shape as the input
and intensity distribution as the output, the inverse model. This approach is appealing as
the simulation can generate a training set of data to train both a forward and inverse model,
which are faster than the initial simulation and capable of being applicable to today’s VP

demands.
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Appendix A

Appendix of Supplemental

Information for Chapter 2

A.1 H' NMR Spectra of ODPA
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Figure A.1: 'H NMR of ODPA as received from a chemical supplier.
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A.2 H' NMR Spectra of ODPAC
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Figure A.2: 'H NMR of ODPAC exhibiting quantitative conversion. Due to the adjacency
of the carboxylic acids, acidic protons are not visible.
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A.3 H' NMR Spectra of ODPAE
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Figure A.3: 'H NMR of the meta and para isomers of ODPAE. Due to the isomers present,
specific aromatic peaks corresponding to each isomer were overlapping and unable to be iden-
tified. Aromatic proton integration is over-represented indicating an incomplete conversion

or potential side reactions.
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A.4 Photorheology complex viscosities of OPDAE-ODA
and ODPAC-ODA polysalt resins
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Figure A.4: Complex viscosity of OPDAE-ODA and ODPAC-ODA with respect to the
exposure time. Resins exhibit low precured viscosities of approximately 0.03 Pa-s,
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A.5 Printed thick parts of ODPAE-ODA

Figure A.5: Printed cube and rectangular parts after three days of air drying. Parts exhibit
light edges corresponding to a higher rate of solvent loss.

A.6 SEM of ODPAC-ODA cross-sectioned lattice strut

ODPAC-ODA-300° C ODPAC-ODA-300°C

Figure A.6: SEM of printed lattice cross-section of ODPAC-ODA-300C at 30x (a) and 3000x
(b) magnification. Unlike ODPAE-ODA, ODPAC-ODA maintains phase-separated mor-
phology believed to be caused by reduced solvent evaporation and subsequent volatilization
during heating.
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A.7 SEM of ODPAE-ODA fracture surfaces

ODPAE-ODA-300°C

ODPAE-ODA-400°C

Figure A.7: SEM of ODPAE-ODA-300 (top) and ODPAE-ODA-400 (bottom) fracture sur-
face. The printed direction is denoted in the left images. Printing layers are not detected
but the density of the part appears higher near the edge of the parts forming, caused by
faster solvent evaporation. Globular morphology and nanoscale porosity is observed within
the sample but disappear/densifies upon heating to 400 °C.
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