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CHAPTER I — Introduction

1.1 Background

Since the beginning of time, mankind has searched for novel ways to shape
materials for specific applications. From learning to sharpen rocks for hunting to
injection molding of large-scale parts with high throughput, humanity has evolved and
developed faster, more precise methods of manipulating form and function of materials to
better serve a desired purpose. Introduced in the 1980s, Additive manufacturing (AM),
commonly referred to as 3D printing, has emerged as an advanced manufacturing method
to produce complex geometries and shows great potential in a variety of industries.

ASTM defines AM as “the process of joining materials to make objects from
three-dimensional model data, usually layer-by-layer, as opposed to subtractive
manufacturing methodologies”.* AM is quickly proliferating in aerospace, medical, and
robotics applications due to its ability to rapidly produce complex 3D structures with
micrometer precision.? Consequently, the AM market is growing, with revenues
estimated at $2.7 billion in 2016, a growth of 12.9% from 2015, and these revenues are
expected to surpass $100 billion within the next two decades.® Major aerospace
companies including Boeing, Bell, and Airbus have all recognized the utility of AM,
fabricating critical and non-critical aircraft parts and tools using various AM methods. In
2015 more than 20,000 non-metallic AM parts were installed on aircrafts; Boeing
specifically having 16 military and commercial aircraft that fly with parts fabricated
using AM technologies.>* Industrial highlights such as these demonstrate not just the
rapid advancement of AM as a manufacturing method, but also the increasing demand for
performance from the materials applied to AM.
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One of the key challenges facing the AM market is related to the development of
new materials tailored for the innovative process. Despite ever increasing research efforts
in the area of AM material development, parts produced using AM typically
underperform in the area of mechanical properties.? This limiting factor may be
addressed by the careful design of new polymers engineered specifically for the unique

considerations of AM.>

1.1.1 Additive Manufacturing

While traditional manufacturing methods operate by removing material to
fabricate objects, in AM, complex objects and assemblies are readily created by
depositing or fusing material in successive layers. This can be accomplished by a broad
range of AM methods including selective laser sintering (SLS), inkjet and polyjet
printing, fused deposition modeling (FDM), laminated object manufacturing (LOM),
direct write printing technologies, and stereolithography (SLA).® All standard AM
processes begin with the development of a computer-aided design (CAD) file to define
part geometry and size. The CAD file is then converted into a series of 2D cross-sections
through a process called “slicing”, and the resulting 2D cross-sections define the layers
that will be “printed” to build the part. Once the file is uploaded to the 3D printer,
individual layers of material are deposited or bonded together in a pattern defined by the
slicing process. A key advantage of AM is that this manufacturing workflow is not
restricted by part design constraints compared to other traditional polymer processing
techniques which require molds or machining. Polymeric materials used for AM may
vary from a wide range of thermoplastics to thermosets depending on the AM process
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used and desired part properties. A summary of AM methods and materials commonly
processed using each approach are presented in Table 1.1. While thermoplastic polymers
in powder, filament or sheet form are common, thermosetting monomers processable via

photopolymerization have achieved wide spread use among a wide range of industries.

Table 1.1 Summary of typical polymers used for common AM methods?®’

AM Method Typical Feature Typical Materials
Resolution

PAG, PA1l, PA12, HDPE.
SLS 50 — 100 pm PP, PEEK, TPU, PS, HIPS,
PMMA, SAN, PC

FDM 100 — 150 pm ABS, PLA. PC, PA, HIPS,

Acrylates, Epoxides, Vinyl

SLA 25—-100 pm Ethers

Polyjet 25 um Acrylates

The wide selection of polymer chemistries suitable for photopolymerizations have
recently enabled innovations in a specific subset of photopolymerization-based AM
techniques commonly referred to as vat photopolymerization (VPP).%28° Figure 1.1
depicts a general schematic of the VPP process and examples of parts prepared using
VPP. Most modern VPP devices operate in a “bottom up” configuration where a build
platform is immersed in a bath of printing formulation and a light source selectively

initiates photopolymerization through an optically transparent window. This process
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continues in an iterative, layer-by-layer approach until the final structure defined by the
CAD file is formed. Examples of VPP techniques include SLA, digital light processing
(DLP), and continuous liquid interface production (CLIP). These AM methods typically
rely on very precise light or laser sources to initiate the photopolymerization of each
layer, which allows for high feature resolution on the micrometer size scale.'® The high
feature resolution and ability to tailor material properties using VPP AM has enabled

innovations in a wide range of fields that include robotics, microfluidics, biomedical

devices, and dentistry.1* 3

Build Platform w
t

10 mm
-1

Figure 1.1 A) Schematic of vat photopolymerization additive manufacturing B) Parts
fabricated using vat photopolymerization additive manufacturing

VPP utilizes monomers or prepolymer oligomers that are viscous liquids at room
temperature which, upon exposure to a UV light, rapidly photopolymerize to form
crosslinked polymer networks. VPP AM formulations blend these UV polymerizable
monomers or prepolymer oligomers with a low concentration of photoinitiator, which

upon UV irradiation generates an active species to initiate photopolymerization. Once a
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radical is formed, it adds across the double bond of a monomer during the initiation step,
after which the propagating radical may continue to add to monomer until termination.
Several termination events may occur, including radical coupling events, where either
initiating or propagating radicals may combine, disproportionation, where a radical may
abstract a hydrogen atom from the growing polymer chain end, or oxygen inhibition,
where a peroxy radical with relatively low reactivity is formed. Scheme 1.1 illustrates the

general reaction mechanism of a typical photopolymerization using vinyl monomers.
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Photoinitiators used in VPP AM techniques are typically single molecules
classified as Norrish type | initiators.?® These molecules cleave into reactive radical
fragments upon photolysis that may further react to initiate polymerization. Specifically,
acyl phosphine oxide photoinitiators are commonly employed in VPP due to their
efficient initiation at relatively high wavelengths of light and the high reactivity of
phosphony! radicals generated upon photolysis.**1® The selection of a photoinitiator for a
given VPP AM formulation must be based on compatibility with the monomer blend and
the wavelength of light to be used. Liquid photoinitiators are preferred as they typically
improve miscibility with the monomer blend. Additionally, the initiator should have a
strong absorbance in the spectrum of light emitted by the laser or light source.
Photoloysis of a common Norrish type I photoinitiator Ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate, trade name TPO-L, is depicted in Scheme 1.2. This photoinitiator is
used for the research herein due to formulation miscibility, the high efficiency of radical
generation and the good overlap between the 3D printer laser output wavelength and

photoinitiator absorbance.
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Scheme 1.2 Photolysis of type 1 photoinitiator



Acrylate or (meth)acrylate chemistries are the dominant choice for monomers in
photopolymerization based AM techniques. Acrylates are electron poor vinyl monomers
commonly utilized in photopolymerizations due to their high UV reactivity and
molecular design versatility. Acrylate and (meth)acrylate monomers are commercially
available with a variety of functionalities and backbone structures and are typically able
to be prepared using straightforward synthetic techniques.

Two of the most commonly used acrylates in VPP AM are polyurethane or
diglycidyl ether of bisphenol a (DGEBA) moieties terminated with acrylate or
methacrylate functional groups.t’” These monomers are a logical choice as they are
commercially available, exhibit fast photopolymerization rates, and provide good
mechanical and thermal stability.2® Often however, multi-functional acrylate or
methacrylate monomers used for VPP are too viscous for the VPP process without the
addition of a low viscosity reactive diluent or comonomer.*81° Reactive diluents used in
VPP AM are commonly low viscosity acrylate functional monomers that will reduce
formulation viscosity but also react into the final crosslinked network. Structures of
commonly used monomers, reactive diluents, and photoinitiators in VPP AM are

illustrated in Scheme 1.3.



5.5 ppm and 4.5 ppm are representative of the protons on the two methylene linkages of

the oxazine moiety (i.e. -O-CH2-N- and -N-CH2-Ar).

2.4.2 Rheological Experiments

Special care was taken to minimize sample light exposure prior to rheological
experiments. All rheological experiments were carried out using a TA Instruments
ARES-G2 rheometer.

Steady shear viscosity versus shear rate experiments were performed with a
stainless steel 25 mm cone and plate geometry (0.1 rad) at 25 °C. Samples were pre-
sheared at 10 s™ prior to steady shear experiments to ensure homogeneous samples before
monitoring steady state shear viscosity from 0.5 to 5s2.

To investigate how the viscoelastic behavior of the acrylate and (meth)acrylate
functional blends evolved upon light irradiation, photorheology was performed using an
ARES-G2 rheometer equipped with a UV light guide accessory. UV intensity was
calibrated at the sample location using an external radiometer. Unfiltered UV intensity
was recorded as total intensity from 250 nm to 600 nm. Photorheology experiments were
conducted by loading samples between an aluminum (bottom) and quartz (top) 20 mm
diameter parallel plates with a sample thickness of 0.5 mm unless otherwise noted.
Following a 15 s equilibration period, samples were irradiated by UV light at an intensity
of 2 mW cm2 unless otherwise noted from an unfiltered Omnicure S2000 UV light
source via a fiber optic cable. Oscillatory shear experiments were conducted at room
temperature, with an oscillatory strain within the linear viscoelastic regime. Exact strain
values are reported with the results of photorheology experiments in each chapter. During
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testing, automatic strain adjustment was employed at 10 Hz in “fast sampling” mode to
resolve rheological behavior at fast cure speeds and to prevent over torque of the
instrument.

Fourier transform mechanical spectroscopy (FTMS)® was also utilized during
photorheology experiments where noted in order to estimate the gel point of samples by
the Winter and Chambon criterion.%® FTMS is based on the Boltzmann superposition
principle, which states that multiple mechanical waves can simultaneously pass through a
material independent of each other provided they stay within the linear viscoelastic
regime. During FTMS experiments, a compound strain waveform is applied to the sample
which allows for the simultaneously collection of G, G”’, and tan delta data for multiple
frequencies. Strain sweep experiments were conducted for each formulation tested by this
method to ensure the compound strain signal amplitude remained within the viscoelastic

range of the cured network. The compound waveform was calculated based on Equation

():

Yiz1Yisin (w;t) (1

Where m is the number of frequencies in the compound waveform, p;, the
amplitude of the it2 component and wi is the frequency of the ith component, which is an
integer multiple of the fundamental frequency w and t is time.

The gel point of each sample is then estimated at the time which Tan Delta
becomes independent of frequency. The critical relaxation exponent (nc) of a given

network was then calculated according to Equation (2).
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2.4.3 Fourier Transform Infrared Spectroscopy

Real-time Fourier transform infrared monitoring (RT-FTIR) was performed to
collect kinetic data for UV initiated free radical polymerization. Photopolymerizations
were monitored using a Nicolet 8700 FTIR spectrometer having a KBr beam splitter and
MCT/A detector. An OmicCure Exfo 1000 Series external light source provided filtered
UV light in the range of 320—500 by way of a guided optical cable. After a 30 s rest
period, samples were irradiated at 250 mW cm for 5 min under nitrogen at ambient
temperature while conversion of (meth)acrylate C=C double bond was monitored at 1637
cmL. Conversion of polybenzoxazine ring opening polymerization was monitored
through the disappearance of the oxazine ring peak positioned at 931 cm™. Conversions
were calculated by measuring the change in area under the (meth)acrylate C=C double
bond peak at 1637 cm™* and oxazine ring peak at 931 cm™.

Structural characterization and functional group analysis were carried out using
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) where
noted. Experiments utilizing ATR-FTIR were conducted using a PerkinElmer
spectrometer with a KBr beam splitter and a DTGS detector where a total of four scans
were collected to average the spectra for each sample. Samples for uncured formulations
were taken as aliquots before printing and measurements taken on printed samples were

taken from a portion of fractured DMA test specimen. The degree of cure (DOC)

35



achieved during the printing process was calculated by relating the absorbance of the

double bonds to the aromatic absorbance using Equation (3):

(M) _ (M
DOC = A1608 Un—Cured A1608 Printed 100 3)
=
A1608 Un—Cured

Where Aue37 represents the peak area associated with C=C stretching vibrations at

1637 cm™ and Aieos represents the peak area of the aromatic absorption at 1608 cm™.

2.4.4 Thermogravimetric analysis

Thermal stability of 3D printed parts was determined via Thermogravimetric
analysis (TGA) using a TA Instruments Q50 thermogravimetric analyzer with a platinum
pan. Samples were heated at 20 °C/min from 25 °C to 600 °C under a nitrogen
atmosphere. Mass loss was monitored as a function of temperature where temperatures at

5% and 10% weight loss were reported to monitor polymer network degradation.

2.4.5 Differential Scanning Calorimetry

Thermal polymerization of formulations was studied through differential scanning
calorimetry (DSC) experiments. Experiments were conducted with a TA Q200 DSC
using aliquots from formulations before printing for uncured samples and fractured DMA
test specimen for printed samples with various thermal polymerization conditions.
Samples were sealed in aluminum pans and heated from 10 °C to 300 °C at 10 °C/min

under a nitrogen flow rate of 50 mL/min.
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2.4.6 Dynamic Mechanical Analysis

Thermomechanical properties of printed rectangular bars were measured via
dynamic mechanical analysis (DMA) using a TA Q800 DMA. Rectangular samples with
dimensions 10 mm x 5 mm x 0.5 mm (length x width x thickness) were fixed in the
instrument and tightened at 3 UNm torque and tested in tension mode with preload of
0.01 N and 0.05% oscillatory strain at 1 Hz frequency. Samples were equilibrated at -30
°C for two minutes before heating at 2 °C/min in air. Storage (E’) and loss (E’’) moduli
were recorded as a function of temperature while Tan Delta was taken as a ratio of loss
and storage moduli (E’’/E’). Glass transition temperature was determined by the peak of
the Tan Delta curve. The crosslink density (v) of 3D printed parts was determined by

storage modulus (E’) values in the rubbery plateau according to Equation (4).578

V= 4

Where E’ is obtained in the rubbery plateau, T is the temperature in K that corresponds to
the E’ value, and R is the universal gas constant.

Thermomechanical properties of photopolymerized films were studied during
thermal polymerization using a TA Instruments ARES-G2 rheometer. Photopolymerized
films from photorheology experiments were first quenched in liquid nitrogen to removed
them from disposable quartz and aluminum plates. The 0.5 mm films were then loaded
into the rheometer between 8 mm stainless steel disposable plates and trimmed to size. A

normal force of 5 N was then applied with a 0.01% oscillatory strain at 1 Hz frequency.
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phosphonyl radical was “[P][F]” while the carbon-carbon double bond in acrylate and
methacrylate functional groups were defined as “[C;X3;H2]=[C;X3]”, see Figure 2.6. A
carbon centered radical on an initiated monomer or growing polymer chain was defined
as “[C][F]” which was then able to add across an acrylate or methacrylate double bond
defined as “[C;X3;H2]=[C;X3]”. After crosslinking, fluorine was removed from the

crosslinked cell and replaced with a hydrogen atom.
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Scheme 2.3 General reaction scheme of a photoinitiated free radical polymerization
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Figure 2.6 SMARTS Patterns used to define reactive sites during crosslinking
simulations.
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Within the Crosslink Polymer builder monomers were crosslinked iteratively
where each reaction step and corresponding reaction site were defined using SMARTS
patterns as discussed previously. A 50 ps NPT MD stage at 600 K and 1 atm was run
after each bond forming iteration to allow newly formed bonds to relax and monomers to
diffuse. The number of bonds formed per iteration was limited to five to reduce excessive
strain during polymerization. The reaction threshold distance for each reaction step was
set to 7 A and a maximum of 20 unsuccessful crosslinking steps were allowed. The final
target crosslink saturation of methacrylate crosslinking was set to 80%. The workflow of

photopolymerization simulations is summarized in Figure 2.7.

Figure 2.7 Simulated photopolymerization workflow"?
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2.5.2 Simulated Annealing

Crosslinked cell thermomechanical properties were calculated using the
Thermophysical Properties module within Schrodinger’s Materials Science. Within this
module crosslinked cells are annealed from a temperature of 800 K to 150 K in steps of
15 K. This temperature range was selected to accurately capture both the glassy and
rubbery behavior of the crosslinked cell before and after the glass transition. At each
temperature, cells were simulated in an NPT ensemble for 5 ns per 15 K step to balance
accurate Tg calculations and computational load.

Crosslinked cell density was calculated during this annealing process, which can
then be plotted as a function of temperature during cooling. A maximum of 5 density
simulations were run at each temperature to reach a density convergence. A hyperbolic
curve may then be fit to the plot of density as a function of temperature and the Ty is

taken as the intersection of the low and high temperature asymptotes of the hyperbola.
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CHAPTER II1 - 3D Printing of Dual-Cure Benzoxazine Networks
3.1 Abstract
A novel 3D printing formulation based on a multifunctional benzoxazine (BOX)
monomer possessing both photo and thermally polymerizable functional groups is
reported. Printing formulation viscosity is readily tuned using a monofunctional-acrylate
reactive diluent to enable SLA 3D printing. In the primary curing step, the printing
formulation is UV cured by SLA 3D printing to prepare accurate parts on the millimeter
size scale. The 3D printed parts are then heated in the secondary curing step to activate a
thermally initiated BOX ring opening polymerization. Dynamic mechanical analysis
demonstrated that the 3D printed parts exhibit a single Tan  peak after both the primary
UV cure and secondary thermal cure steps, suggesting the two polymerizations behave as
one crosslinked network. The unique dual-cure strategy demonstrated in this research
utilizes both photo and thermally initiated polymerizations to expand the library of

materials available for high performance 3D printing applications.
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3.2 Results and Discussion
3.2.1 Printing Formulation Preparation and Rheological Characterization

Scheme 2.1 shows the overall synthetic scheme for the synthesis of di-
(meth)acrylate functional BOX (DMBOX) monomer, which followed a two-step
synthetic procedure previously established in the literature?®. Synthesis of the di-hydroxy
functional precursor was performed in xylenes at a temperature of 120 °C for 30 min.
Xylenes was selected as the reaction solvent as it improved solubility of the reactants at
elevated temperatures and its high boiling point favored oxazine ring closure by the
removal of water, a condensation byproduct of BOX monomer synthesis, during the
reaction. DMBOX was then synthesized by esterification of di-hydroxy functional BOX
monomer using methacryloyl chloride and triethyl amine as a base catalyst to obtain a
light-yellow viscous oil after purification. A detailed description of DMBOX monomer
synthesis and monomer structure validation via *H-NMR and FTIR spectra are available
in Section 2.2.

Viscous oil DMBOX was then blended with monofunctional urethane acrylate
(Genomer 1122) as a reactive diluent. Genomer 1122 is a commercially available reactive
diluent that is commonly formulated in VPP AM monomer blends due to its low
viscosity, good reactivity, and flexibility.”>"® Viscosity of DMBOX based blends are

plotted as a function of reactive diluent loading levels as shown in Figure 3.1.
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Viscosity data was collected using a rotational rheometer with a cone and plate
geometry in air at ambient temperature while the shear rate was varied from 0.5s2to 5 s
! The objective of this experiment was to establish viscosity data of DMBOX based
blends at shear rates characteristic of the SLA 3D printing process. The DMBOX pure
monomer viscosity initially is determined to be 190.4 Pa-s at a shear rate of 0.5 and
decreases with increasing reactive diluent loading level, reaching 2.9 Pa-s at 40 wt%
reactive diluent at the same shear rate. This trend of decreasing viscosity with increasing
monofunctional urethane acrylate reactive diluent content is expected, as it is a less bulky

molecule with a relatively lower viscosity compared to the DMBOX monomer.
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Figure 3.1 Plot of viscosity vs shear rate of DMBOX based blends
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Using a similar SLA 3D printer to the Form 2 utilized in this study, Hasio and
coworkers calculated the operating shear rate as the build platform moves into the bath of
monomer to be approximately 1.7 s*.”° Thus, to evaluate blend suitability for SLA 3D
printing with increasing reactive diluent loading levels, a shear rate of 1.7 st was utilized.
Literature suggests viscosity of monomer or formulation should be ~5 Pa-s to be
processable via vat photopolymerization 3D printing.2>8" Above this practical upper
viscosity target, monomer will not flow sufficiently to recoat the build platform evenly,
leading to uneven layers and dimensional inaccuracy in the final part.

Figure 3.2 shows a plot of DMBOX based blend viscosities with increasing
reactive diluent loading level at 1.7 s, Blend viscosity at 1.7 s** is reduced from 187.9
Pa-s at 0 wt% reactive diluent to 2.9 Pa-s at 40 wt% reactive diluent. These results
indicate that the viscosity of DMBOX blends may be readily tuned at shear rates
characteristic of SLA AM according to the concentration of reactive diluent. Following
this experiment, we will focus on a blend of 60 wt% DMBOX and 40 wt% reactive
diluent (60:40 DMBOX:RD) as its viscosity is below the practical upper limit of 5 Pa-s

and readily processable using SLA AM.
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Figure 3.2 Plot of viscosities of DMBOX based blends at 1.7 s

Figure 3.3 shows the storage (G’) and loss (G’”) moduli results of photorheology
experiments studying 60:40 DMBOX:RD based blend as a function of photo initiator
loading level under 5% oscillatory strain. The objective of photorheology experiments
was to establish photopolymerization rates of DMBOX based blends at increasing
photoinitiator concentrations. Results of these experiments were then used to guide
appropriate photoinitiator concentrations to be used in blends for SLA AM.

The G’/G’’ crossover point was used as an estimation of the gel point, where the
sample transitions from a liquid to a gel upon network formation. While the gel point is

generally determined when the loss tangent is independent of frequency in dynamic
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measurement®283, the crossover point of storage and loss modulus is still often accepted
to use in determination of gel points® and may be used to determine photopolymerization
kinetics.

UV radiation is initiated 15 s after the start of the experiment where an increase in
G’ was observed for all samples, which indicates that the elastic property of samples was
increased due to the photopolymerization of (meth)acrylate and acrylate functional
groups in the samples. During the early stages of photopolymerization, G* was lower than
G”’, indicating the sample behaved as a viscous liquid. As photopolymerization
continues, both G’ and G’” increase as a function of irradiation time and eventually
crossover, indicating gelation and a transition from viscous liquid to solid behavior.

Figure 3.4 plots time to the gel point after irradiation as a function of
photoinitiator loading level. This plot shows rapid gelation in less than 5 seconds for all
samples with a maximum in photo curing kinetics occurring at 1 wt% photoinitiator.
Similar plateaued or reduced photopolymerization Kinetics after a critical photoinitiator

concentration have been reported in the literature.>& Thus, to avoid radical coupling or
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other chain termination events all future experiments were conducted using 1 wt% TPO-

L.
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Figure 3.3 Storage (G’) and loss (G’”) moduli as a function of irradiation time with
increasing [TPO-L] for 60:40 DMBOX:RD blend
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Figure 3.4 Gel time as a function of photoinitiator concentration for 60:40 DMBOX:RD
blend
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Another valuable approach to investigating the gel point of a crosslinking
polymer is through the Winter-Chambon criteria.®> Following this criterion, at the gel
point G’ and G’ follow the same power law dependency with respect to frequency and

Tan Delta becomes independent of frequency:

G'(w) ~G"(w) ~w™ 3)
tand = % = tan (%n) 4)

Where n is equal to the critical relaxation exponent of the polymer network at the
gel point.® The n value of a given network at the critical gel point is able to give valuable
information about the linear viscoelasticity at the critical gel where soft critical gels have
large n values approaching 1 and stiff critical gels have low n values approaching 0.8 In
order to accurately determine the point of moduli frequency independence for a given
network, dynamic mechanical measurements at constant frequencies for a range of
frequency values would be required. This is a notoriously difficult characterization due to
the transient nature of the polymer network during crosslinking and would typically
require a new sample to be prepared for each frequency.

The most convenient characterization technique to aid in determining the gel
point via the Winter-Chambon criteria is through the use of Fourier transform mechanical
spectroscopy (FTMS).% This multiwave oscillatory time sweep measurement allows for a
compound waveform to be applied to the sample such that multiple frequencies may be

measured simultaneously as the polymer network evolves with time.®” Results of FTMS
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experiments studying 60:40 DMBOX:RD blend with 1 wt% TPO-L at 5, 10, and 15 Hz
are depicted in Figure 1.12. During FTMS experiments, an applied oscillatory strain of
0.3% was used with a 0.5 mm gap. Samples were irradiated after 15 s, where after
irradiation Tan Delta becomes independent of frequency at 21.7 s, indicating gelation.
Additionally, using Equation (1) and the Tan Delta value at frequency independence, n

was found to be equal to 0.78 for the photopolymerized 60:40 DMBOX:RD critical gel.
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Figure 3.5 Tan Delta measured as a function of irradiation time for 60:40 DMBOX:RD
blend with 1 wt% TPO-L

Figure 3.6 shows results of photorheology experiments studying

photopolymerization rate of DMBOX:RD blends as a function of DMBOX concentration
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with 1 wt% TPO-L photoinitiator. Before irradiation, samples exhibit liquid like behavior
where the viscous modulus, G’ is greater than the elastic modulus, G’. Initially, samples
follow a trend of increasing G’ with increasing DMBOX concentration, this trend may
be explained by an increase in monomer blend viscosity as DMBOX concentration; is
increased. This result correlates well with flow sweep experiments discussed previously,
where increasing concentration of the relatively bulky and higher molecular weight
DMBOX monomer resulted in an increased blend viscosity.

Upon irradiation, free radical polymerization is initiated and both G” and G’
increase as a function of reaction time and eventually cross over, indicating a transition
from liquid-like to solid-like behavior. After G’ / G’ crossover, G’ continues to increase
before reaching a final plateau, as expected upon the formation of a crosslinked network.
Final G’ plateau values of photopolymerized networks increase with increasing DMBOX
concentration due to an increase in crosslink density with increasing DMBOX monomer

concentration.
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Figure 3.6 Shear storage and loss modulus of 3D printing formulations with 1 wt% TPO-
L and increasing DMBOX concentration as a function of irradiation time

Table 3.1 Photorheology of 3D printing formulations with 1 wt% TPO-L and increasing

DMBOX concentration
DMBOX " v Initial Complex G/G” Final G’
Mol% Initial G*” (Pa) Viscosity (Pas) Crossover (s) (108 Pa)
90 74.8 12.1 20.1 10.6
80 27.5 4.4 18.8 10.3
70 9.64 1.4 17.9 9.2
60 5.29 0.79 18.0 8.4

During photopolymerization intermolecular distance between monomers is
reduced by the conversion of van der Waals forces between monomers into covalent

bonds.28 This well studied phenomenon results in an overall volume reduction during
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photopolymerization which can lead to internal stress in a photopolymerized network.8%%
The relative volume reduction, or shrinkage, during photopolymerization of BOX blends
was studied during photorheology experiments by monitoring the evolution of normal
force during irradiation.

Figure 3.7 plots axial force as a function of irradiation time studying BOX blends
with increasing DMBOX concentration. The onset of normal force buildup for each BOX
blend corresponds well with the gel point as monitored by G’, G’” crossover at ~ 18 s. As
the relatively high molecular weight DMBOX monomer concentration is increased, the
rate of shrinkage as measured by axial force is reduced. Similar results have been
observed in the literature where increasing the concentration of a relatively low molecular
weight reactive diluent increases shrinkage during photopolymerization.®* This trend has
been explained as an increase in the concentration of reactive C=C double bonds
available as the concentration of a relatively low molecular weight reactive diluent is
increased.® Thus, while increasing reactive diluent concentration readily decreases the
viscosity of BOX blends, it results in an overall increase in shrinkage during
photopolymerization. This is an important consideration, as shrinkage upon
photopolymerization may result in cure induced strain or dimensional accuracy in the

printed structure.
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Figure 3.7 Axial force as a function of irradiation time for BOX blends with 1 wt% TPO-
L and increasing DMBOX concentration as a function of irradiation time

3.2.2 Thermal Stability of Printed Parts

TGA was performed to investigate the thermal stability of 60:40 DMBOX:RD
blend after each stage of polymerization. TGA experiments studied the un-cured
monomer blend, parts photopolymerized during SLA AM, and dual-cured samples that
have been photopolymerized and thermally treated to activate BOX polymerization. TGA
weight loss profiles are shown in Figure 3.8 and decomposition temperatures are
summarized in Table 3.2.

TGA results indicated that the initial degradation temperatures (Tso and Tiov) for

un-cured 60:40 DMBOX:RD blends are 155 °C and 175 °C respectively. Both the Tso
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and T1o% temperatures of samples increased significantly after free radical
photopolymerization during SLA AM to 277 °C and 303 °C respectively. These initial
degradation temperatures are consistent with reports in the literature studying the thermal
degradation of poly(methyl methacrylate) networks.®® Interestingly, The Tse and T1os
degradation temperatures of photopolymerized samples after thermal polymerization of
BOX at 200 °C for 1 hr only slightly increased to 285 °C and 307 °C respectively.

The similar thermal degradation behavior between photopolymerized samples and
dual-cured samples may be explained by similar thermal initiation temperatures of
poly(methyl methacrylate) network degradation and onset of BOX network degradation.
Mannich base cleavage is known to initiate thermal degradation of polybenzoxazine
networks derived from aliphatic amines in the temperature range of 260-300 °C.% In
addition to Mannich base cleavage, another explanation for the similar thermal stabilities
of photopolymerized samples and dual-cured samples could be thermally initiated
polymerization of BOX taking place during the temperature ramp. After initial
degradation, weight loss profiles for all samples also show a second thermal degradation
step at 400 °C. This second stage of degradation near 400 °C is attributed to thermal

decomposition of main-chain polymer chains and substituted phenolic units.
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Figure 3.8 weight loss profiles of 60:40 DMBOX:RD un-cured monomer blend, 3D
printed networks, and 3D printed networks with secondary cure at 200 °C for 1 hr

Table 3.2 Decomposition temperatures of 60:40 DMBOX:RD un-cured monomer blend,

3D printed networks, and 3D printed networks with secondary cure at 200 °C for 1 hr.

Sample T5%(°C)  T10% (°C)
Un-Cured Monomer Blend 155 175
3D Printed 277 303
3D Printed + Thermal Cure 285 307
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