Rowan University

Rowan Digital Works

Theses and Dissertations

9-16-2021

DESIGN OF A CUSTOM DIGITAL LIGHT PROJECTION PRINTER
FOR IN-SITU PRODUCTION OF COMPOSITES WITH IMPROVED
THERMOMECHANICAL PROPERTIES

Margaret Anne Gillan
Rowan University

Follow this and additional works at: https://rdw.rowan.edu/etd

0 Part of the Chemical Engineering Commons

Recommended Citation

Gillan, Margaret Anne, "DESIGN OF A CUSTOM DIGITAL LIGHT PROJECTION PRINTER FOR IN-SITU
PRODUCTION OF COMPOSITES WITH IMPROVED THERMOMECHANICAL PROPERTIES" (2021). Theses
and Dissertations. 2945.

https://rdw.rowan.edu/etd/2945

This Thesis is brought to you for free and open access by Rowan Digital Works. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of Rowan Digital Works. For more information, please
contact graduateresearch@rowan.edu.


https://rdw.rowan.edu/
https://rdw.rowan.edu/etd
https://rdw.rowan.edu/etd?utm_source=rdw.rowan.edu%2Fetd%2F2945&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=rdw.rowan.edu%2Fetd%2F2945&utm_medium=PDF&utm_campaign=PDFCoverPages
https://rdw.rowan.edu/etd/2945?utm_source=rdw.rowan.edu%2Fetd%2F2945&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:graduateresearch@rowan.edu

DESIGN OF A CUSTOM DIGITAL LIGHT PROJECTION PRINTER FOR IN-
SITU PRODUCTION OF COMPOSITES WITH IMPROVED
THERMOMECHANICAL PROPERTIES

by
Margaret Anne Gillan

A Thesis

Submitted to the
Department of Chemical Engineering
College of Engineering
In partial fulfillment of the requirement
For the degree of
Master of Science in Chemical Engineering
at
Rowan University
August 19, 2021

Thesis Chair: Joseph F. Stanzione I11, Ph.D.

Committee Members:
Nicholas J. Alvarez, Ph.D.
Francis (Mac) Haas, Ph.D.

James A. Newell, Ph.D.



© 2021 Margaret Anne Gillan



Acknowledgments

First, I would like to acknowledge and sincerely thank my advisor, Prof. Joseph F.
Stanzione, 11, for his guidance, support, and mentorship throughout my journey here at
Rowan. Thank you for believing in me.

I would also like to thank my colleagues in the laboratory. Without your support,
whether technical or personal, this work would not have been possible. | would especially
like to acknowledge Dr. Alexander Bassett, Alexandra Chong, and Tristan Bacha, who
provided extensive support and brainstorming sessions. Thank you for always being
willing to listen and brainstorm with me, even when you thought | was way out in left
field. A big thank you also goes out to my cohort and fellow AMMI team, including Dr.
Elyse Baroncini, John Chea, Amit Dhundi, Kelli Hambleton, Rachael Ross, Matthew
Schwenger, Kayla Sweet, and Jasmin Vasquez. | could not have asked for a more
encouraging, supportive group in which to do this work.

| would also like to express my sincere gratitude to my committee, including Prof.
Nicolas Alvarez, Prof. Mac Haas, and Prof. James Newell. Thank you for your support
and guidance during my time here at Rowan. | would also like to thank the U.S. Army
Combat Capabilities Development Command- Army Research Laboratory for their
generous financial support via cooperative agreement W911NF-17-2-0227.

Finally, this work would not have been possible without the unrelenting love and
support from my husband, Baruch Turniansky. Thank you for always encouraging me

and pushing me to believe in myself.



Abstract
Margaret Anne Gillan
DESIGN OF A CUSTOM DIGITAL LIGHT PROJECTION PRINTER FOR IN-SITU
PRODUCTION OF COMPOSITES WITH IMPROVED THERMOMECHANICAL
PROPERTIES
2020-2021
Joseph F. Stanzione, Il
Master of Science in Chemical Engineering
This work seeks to improve upon the existing state-of-the-art for vat

photopolymerization additive manufacturing; namely, producing in-situ composites that
combine the precision and high-performance materials of the vat photopolymerization
with the strength of fiber-reinforced polymer composites. A custom-designed digital light
projection printer was designed and built for printing composites, which includes an
automated fiber tape system to place woven E-glass fiber mats in-situ. To validate the
performance improvement of composites versus the neat matrix, composites were
fabricated on the custom printer with hand-placed fiber mats. A high-performance, dual-
cure resin was used for these studies. The effect of layer height on matrix properties was
evaluated, and there was no statistically significant difference in glass transition
temperature (Tg) or glassy storage modulus (£ at 25 °C as a function of layer height. It
was found that composites exhibited up to a 25% improvement in £”relative to the matrix
(2.9 versus 3.7 GPa) at a fiber volume fraction of 4-6% and a layer height of 200 um. All
composites exhibited a slightly lower Tg relative to the matrix (105 vs. 115 °C), but there
is a minimal loss of thermal properties in the composites and a modest improvement in

storage modulus, even with low fiber fraction. These results suggest that parts produced

with the custom printer have the potential for high-strength military applications.
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Chapter 1

Introduction and Overview

1.1 Overview and Organization

Composite materials have been used for millennia, first dating to 3400 B.C. when
ancient Mesopotamians used wood strips glued together at different angles to make
plywood [1, 2]. In the following centuries, civilizations throughout the world used
mud/straw and wood/clay composites as building materials. In 1200 A.D., Mongolian
warriors made composite bows out of bamboo, silk, cattle tendons and horns, and pine
resin [1, 2]. Polymer-matrix composites did not become possible until the early 20%
century, with the conception of polymers such as vinyl, polystyrene, polyesters, and
phenolic resins [2]. These polymers far outperformed the incumbent nature-derived
materials. However, their lack of strength for structural applications limited their
implementation. The development of fiberglass by Corning in 1935 marked a turning
point for the world of polymers and the first glass-fiber reinforced composites were
produced soon after [1, 2]. WWII also provided an important early market for
composites as militaries sought out lightweight, strong materials. By the 1970s, fueled by
the advent of Kevlar by Dupont in 1964 and high-quality carbon fiber in 1963 by the UK
Ministry of Defence, the composites industry claimed a lasting foothold in the global
materials market [2].

Composite materials are a critically important part of the global materials market.
The U.S. composite end products market was valued at $26.7 billion in 2019 and is
expected to grow to $33.4 billion by 2025 [3]. Fiber-reinforced polymer composites
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(FRPCs) are used in broad structural and manufacturing applications, including aircraft
and military, space, automotive, sporting goods, marine, construction, transportation, and
infrastructure, among others [4-6]. Glass fiber is a common component of these FRPCs,
and in 2017 the glass fiber market reached 2.5 billion pounds globally [5]. Glass fibers
are the most common type of fiber reinforcing material for FRPCs [4]. Glass fibers are
inexpensive, strong, have high chemical resistance, and are electrically insulating. Their
main disadvantages are that they have a low modulus and high density relative to other
fiber feedstocks, are sensitive to abrasion during handling, and their high hardness causes
wear on equipment. However, many of these issues can be mitigated through judicious
selection of the polymer matrix.

Fiber-reinforced polymer composites, including those containing glass fiber mats,
continue to be relevant for military and industrial applications. This thesis work seeks to
marry the strength and lightweighting effects of fiber-reinforced composites with the
precision of vat photopolymerization additive manufacturing. Military interest in
composites has only grown since the initial use of composites in WWII. Composites
provide lightweight material options for equipment, non-structural components, structural
components, and armor. Additive manufacturing in conjunction with composite materials
can offer increased precision and part complexity compared to traditional manufacturing
methods. This adds additional capability for lightweighting through part geometry, e.g.
including hollow or meshed areas [7-9]. These benefits extend beyond the military and
can be applied to other fields that make use of composites, including space, automotive,

sporting goods, marine, construction, transportation, and infrastructure.



Continuous fiber reinforcements add strength along the axis of the fiber which is
advantageous compared to randomly aligned fibers. Printing with continuous fibers is
currently feasible in fused filament fabrication (FFF) printers such as the Markforged line
of printers [10, 11]. However, the thermoplastics utilized in FFF-style printers often do
not reach the thermal and mechanical performance metrics for military, aerospace,
automotive, and other demanding applications. For this work, vat photopolymerization
(VPP) additive manufacturing was chosen as the focus due to its high-strength and -
stiffness materials. Fiber-reinforced composite resins for VPP are well-represented in
both industrial formulations and the literature [12-24]. However, these resins typically
contain only short, chopped fibers, and do not achieve the strength enhancement that
continuous fiber feedstocks provide. We seek to address this gap through both
instrumentation and process design. A custom VPP printer was designed and built to
incorporate continuous fiber woven fiberglass mats into VPP prints. The design and
operation of this printer are described. Additionally, the feasibility of incorporating these
woven mats into an existing dual-cure sequential IPN resin system is demonstrated. The
effect of layer height on the matrix-only DMA properties is reported, and effects of fiber
fraction on composites fabricated are also reported. Chapter 1 introduces the appropriate
background for traditional composite manufacturing techniques, general additive
manufacturing, and VPP technologies.

1.2 Traditional Composite Fabrication Techniques
Fiber-reinforced polymer composites are produced via several industrially

relevant methods ranging from very simple, as in open molding, to more complicated, as



in pultrusion or resin transfer molding [2, 4, 6]. Generally, any FRPC process involves
fiber placement, addition of the resin matrix, consolidation, and finally a curing step.
Fibers can be placed either by hand (hand layup) or in an automated process, of which
there are many variations. Fiber feedstocks may also be dry or pre-pregs which are filled
with a beta-cured resin. Once the fibers and matrix are combined, the part is consolidated,
either by hand-rolling or application of pressure, e.g. in an autoclave. This consolidation
step ensures that there is a minimum of voids present in the part and that the fibers are
fully wet out with the resin. Consolidation also prevents defects like resin-rich areas,
resin-poor areas, and inter-ply cracks [4, 6]. Finally, the resin is cured. Curing can occur
very simply at room temperature and pressure, or heat and/or pressure can be applied to
further the conversion of the resin, lower liquid resin viscosity, speed up curing, and
minimize the presence of voids. The following sections describe common composite
molding techniques using liquid resins, in order of volume/production speed.

Open molding is a commonly used technique for large, low-precision, and simple
shapes like boat hulls, boat decks, bathtubs, shower stalls, etc. [2, 4, 6]. As the name
suggests, an open-face mold is filled with the composite material, either by hand-layup or
by semi-automated sprayup. Hand-layup involves hand-placing mats of fiber material,
either dry or pre-pregs filled with beta-cured resin, into the mold before applying the
resin matrix. A semi-automated sprayup technique is possible whereby a mixture of resin
and chopped fibers are sprayed into the mold using a chopper gun. Typically, the
composite is then consolidated by hand, and curing proceeds either in an oven or under

ambient conditions.



Transfer molding techniques including resin transfer molding (RTM) and
vacuum-assisted resin transfer molding (VARTM) are also commonly used composite
fabrication techniques [2, 4, 6]. In these processes, a pre-formulated liquid resin is added
to a mold containing dry fibers in a closed mold. The liquid resin must have a low enough
viscosity to wet out the fibers and minimize the formation of voids and other defects. As
the resin flows, it displaces air and fills in the spaces between fibers. Once the fibers are
fully wet out, the resin is cured, and a composite part is produced. VARTM differs from
RTM in that it makes use of a vacuum to evacuate air from the mold. This technique is
commonly used with high-viscosity resins that may not flow well enough without
assistance. As with other techniques, the resin is cured using heat and/or pressure, and the
resulting part is removed from the mold.

Compression molding is an additional common FRPC fabrication technique that
makes use of liquid thermosetting resins. Compression molding provides the ability to
make complex geometries, including nonuniform thickness, ribs, bosses, flanges, holes,
and shoulders [4, 6]. It is also a comparatively high-volume technique, allowing for many
parts to be made faster than the previously described methods. The molds for
compression molding typically consist of two parts: the lower, fixed mold, and an upper
moveable mold half. Molds are heated to reduce the viscosity of the resin, enabling better
wet-out of the fiber reinforcements, and to catalyze the curing reaction. To form the part,
a sheet-molding compound is cut and stacked inside the pre-heated mold. The mold is

closed and pressurized. The resin inside the sheet-molding compound is then able to flow



and expel air. Once the part is cured enough to hold its shape, it is removed from the
mold.

Pultrusion is also a high-volume technique but proceeds quite differently than
molding techniques [2, 4, 6, 25]. Pultrusion results in a long, straight profile that can be
sliced into individual parts. It is commonly used for structural components. In a
pultrusion process, fibrous material is pulled through a resin bath, then formed into the
desired shape by passing through a series of forming guides and bushings. The material is
then pulled through a heated die, which cures the resin. The pultruded profile is sliced
into profiles of the appropriate length. Generally, there is minimal postprocessing
required and there is no need for sanding, trimming, or postcuring. While other methods
make use of pressurized curing conditions, pultrusion occurs at ambient pressure.
However, previous work has demonstrated that the pressure in the die entrance zone is
250-1250 psi [25], likely high enough to minimize the presence of voids. This pressure is
due to competing volumetric expansion of the heated resin and polymerization shrinkage.
These forces can be balanced with judicious selection of resin chemistry and fiber
volume fraction.

1.3 Additive Manufacturing

Additive manufacturing (AM) is a rising manufacturing technique due to its high
precision, speed, and ability to utilize different materials. Common AM techniques
include fused deposition modeling, direct ink writing, selective laser melting, and vat
photopolymerization (VPP) or stereolithography (SLA). Figure 1 shows a schematic of

each of these techniques. Traditionally, AM has been used for rapid prototyping, where a



prototype part is designed and printed on a 3D printer. The part is evaluated for fit and
function, then the final part is produced using a more traditional manufacturing method
like injection molding, casting, etc. [26, 27]. However, with advances in materials
development and instrumentation, 3D printed parts are of high quality and can often serve
as the final part, with no need for final production using another technology [28-32]. All
additive manufacturing techniques involve building material in a layer-by-layer fashion
to form a 3D part. This contrasts with subtractive or formative manufacturing. In
subtractive manufacturing, a part is produced by taking away material from a large
enough block to make the part until the desired shape remains. Formative manufacturing
involves filling a mold with material, then breaking away the mold to produce a finished
part. Examples of formative manufacturing include resin transfer molding techniques,
injection molding, and blow molding. AM is generally more material-efficient compared
to subtractive methods since there is little or no material waste. Additionally, AM can be

more energy-efficient than traditional manufacturing techniques [33-36].



Figure 1

Additive Manufacturing Techniques
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1.3.1 Vat Photopolymerization

Stereolithography (SLA), or more generally vat photopolymerization (VPP), is a
subset of AM originally invented in the mid-1970s [37]. The first true stereolithography
printer design was patented in 1986 by Charles Hull [38], who later founded 3D Systems.
The process utilizes a laser to raster over a surface and selectively cure a photosensitive
resin into a polymer of the desired cross-section. A variation of VPP is digital light
processing, or DLP, which cures each layer by using a projector to display an image of
the entire layer at once. Regardless of the light source, the process proceeds in a layer-by-
layer fashion until the desired 3D object is formed. VPP offers very high resolution; high
speed; minimal anisotropy, especially in the x-y plane; and low cost compared to other
AM methods like fused filament fabrication, selective laser sintering, and material jetting
[22, 26, 27, 39-41]. VPP is suited for many applications that require small runs of precise,
custom parts, such as cell growth scaffolds, dental implants, microfluidic devices,
prosthetics, and surgical simulations [42-45]. Vat photopolymerization printing offers
benefits that are not available to traditional manufacturing, such as the ability to produce
complex internal geometries, print single parts in multiple materials, and produce small
quantities of one-off parts without the need for costly and time-consuming tooling or
supply chain infrastructure. This capability has been explored in several case studies,
including parts for the F-18 Super Hornet aircraft [29], LEAP jet engine parts at CFM
International [30], aerospace brackets [31], and general aircraft components [32]. AM is

therefore a promising alternative to traditional manufacturing beyond simply rapid

prototyping.



Vat photopolymerization printer designs are largely unchanged from their initial
design in the 1980s. A standard VPP printer consists of a build platform, a resin vat
containing a photosensitive resin, a light source, and optionally a tilt or peel mechanism.
To print using VPP, a CAD (computer-aided-design) model is loaded into a “slicer”
program, which slices the 3D model into layers. Typical layer thicknesses are on the
order of 25 to 150 microns, although some systems are capable of printing thicker layers.
The minimum and maximum layer thicknesses achievable on a printer are also heavily
dependent on the photopolymerization properties of the resin, which will be explored in
subsequent sections. Figure 2 shows the progression from the original CAD model to 2D
slices. The slicer program also generates toolpaths to control the motion of the various
printer components, including moving the build platform up and down on the z-axis,
triggering the laser or other light source, and executing a tilt or peel sequence. Most
often, these toolpaths are written in a simple language called gcode that can call specific
motors to move as needed. With the appropriate firmware installed on a microcontroller
board, these human-readable commands can be translated into machine-readable
commands, that ultimately result in motion. In laser-based SLA, the laser is controlled by
two galvanometers, or galvos, that direct the light to the appropriate x- and y-coordinates.
The peel mechanism is typically controlled by either lifting the z-axis, lateral motion, or

tilting motion.
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Figure 2

CAD Slicing Process
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Vat photopolymerization printer designs can be either top-down or bottom-up,
which refers to the location of the light source relative to the resin vat. Early VPP printers
used top-down methods, which are ideal for fast, extremely accurate printing. Top-down
designs cure the polymer just below the top surface of the resin and make use of oxygen
inhibition of free-radical polymerization to maintain a thin layer of uncured resin on the
top surface. The build platform containing the part is lowered into the vat as it is
completed. There is no motion needed other than the downward motion of the build
platform as the print proceeds, which makes this type of VPP extremely fast. However,
top-down designs require that the resin level is always above the current print surface.
These printers, therefore, require a large volume of resin (typically >1L) and are
consequently not well suited to a research environment. Bottom-up printers, by contrast,
project light upward onto the bottom of the resin vat and the build platform is raised as

the print progresses. Figure 3 shows an example of a bottom-up printer design, which is
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by far the most common modern configuration. Subsequent sections in this thesis will

describe bottom-up configurations unless otherwise specified.

Figure 3

Bottom-Up Printer Schematic
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Typically, the bottom surface of a bottom-up resin vat is coated in an optically
transparent, flexible material such as poly(dimethylsiloxane) (PDMS) or fluorinated
ethylene propylene (FEP). Because the bottom of the vat is not in contact with air and is
therefore not inhibited by oxygen, each layer cures directly to the bottom vat surface.
Thus, a peel step is necessary after each layer to separate the cured polymer from the
bottom vat surface. The peel step may entail either tilting the resin vat, moving the resin
vat to the side while lifting the build platform, or simply lifting straight up. This peel step
makes bottom-up designs slower than top-down, but the economical use of resin far
outweighs the speed for most research applications.

The forces produced via the peel step are sometimes substantial enough to pull the
in-progress print off the build platform. Use of a tilt or lateral motion in addition to lifting
straight up with the build platform reduces some of the forces on the green-cured part, but
these forces can still be quite high. Therefore, it is necessary to balance the percent
conversion and the storage modulus of the polymer such that it is enough to hold its
shape, but not so highly cured that it cannot be peeled off the vat bottom. Following the
peel step, the build platform is lifted, and a layer of resin is redeposited either by swiping
a wiper across the vat surface or by simply allowing the resin to flow back into place. The
resin viscosity must be carefully tuned for bottom-up printer designs since the resin must
be able to flow sufficiently quickly to re-coat the vat bottom. Printers that mechanically
redeposit resin with a wiper or other mechanism can typically print resins with a higher
viscosity than those that rely solely on flow. Following the print, post-curing of the

“green cured” part is typically necessary to fully cure the polymer.
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Digital light projection, or DLP, is a variation on the light source for VPP. There
are many sub-variations of this technology, but at its simplest, a DLP printer uses a
projector to expose each layer cross-section all at once, rather than rastering over the
surface with a laser point to fill in the layer. This is typically achieved by “masking” a
light source to form individual pixels, where a pattern of “on” and “off” pixels is overlaid
on the light source to produce the desired shape. Liquid crystal display (LCD) masks are
a low-cost masking option, but by far the most common masking technique is a digital
micromirror display, or DMD. A DMD consists of an array of mirrors that can be
directed towards the resin vat in the “on” state, or onto a heatsink in the “off” state. Light
shines through the array, and “on” pixels are displayed and “off” pixels are dark. The
light source could be monochromatic, as in a laser or LED, or a broad-spectrum light
source, like a mercury vapor bulb. Each of the mirrors in the DMD correspond to a pixel
in the image to be displayed. Use of a DMD enables very high resolution and image
fidelity compared to other projection technology.

DLP printing has advantages and disadvantages compared to more traditional
laser-based SLA. With a high-intensity light source, DLP can be much faster than SLA
because each layer is exposed all at once, and the exposure time is the same regardless of
the area to be exposed. In contrast, SLA printers must raster over the surface, which takes
more time for very large exposure areas. Additionally, DLP printers are not susceptible to
distortion at the edges of the resin vat. An SLA printer typically places the laser directly
under the center of the resin vat (for bottom-up printers). Depending on the size of the

resin vat, at the edges of the vat, the laser spot becomes more ellipsoid in shape which
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can result in a loss of both accuracy and precision. This may manifest in the finished part
as closing small holes in the part, loss of sharp edges, or other artifacts. By contrast, a
DLP display is focused on the vat surface, and each pixel is mapped directly to the
appropriate location in the vat. Pixels are only turned on or off and don’t need to be
directed at an angle to the appropriate location. DLP displays also can have a wide range
of compatible light sources including both broad spectrum (i.e. mercury vapor bulb) or
monochromatic (LED, laser). This means that a light source can generally be found to
match price, safety, and material requirements. However, DLP systems are generally
lower power compared to a typical laser for SLA (often by an order of magnitude or
more) which may shift the exposure time needed to higher values. Ultimately, the print
time is a result of the print area, resin photophysical behavior, light source type (whether
broad-spectrum or monochromatic), masking type, and light source power.
1.3.2 Vat Photopolymerization Resins

The materials commercially used for VPP have not changed substantially since its
advent in the 1980s. Commercial vat photopolymerization resins are typically comprised
of acrylate or methacrylate oligomer(s), photoblocker(s), a photoinitiator, and colorant(s).
Acrylates are by far the most common due to their increased reactivity relative to
methacrylates, although methacrylates are also popular for their lower tendency to warp
and better shelf stability. Table 1 lists the tensile strength (o), Young’s modulus (E), and
heat deflection temperature (HDT) of selected commercial resins. Regardless of the resin
chemistry, VPP printed parts are generally strong, have a fine surface finish, and have

very strong interlayer adhesion compared to those made with other AM methods.
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However, particularly for acrylate and methacrylate systems, volumetric shrinkage,
warping, and lack of thermal stability limit the use of these resins in end-use parts, where

parts produced with other manufacturing methods still outperform VPP products [41, 46,

47].
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Table 1

Thermal and Mechanical Properties of Selected Commercial VPP Resins

Resin i} E HDT. @ 0.45
(MPa) (GPa) MPa (°C)
Standard Series 65 2.8 73.1
Grey Pro 61 2.6 77.5
Eormlabs Rigid 75 4.1 88
[48] Tough 557 2.7 485
Durable 31.8 1.26 43.3
High Temp 58.3 2.8 120
Accura 55 (Std and high 65.7 26 48.9-52 8
res)
White (Renshape 7810) 43.4 2.1 58.3
3D Systems High-Temp (Accura 669 97 267-284
Bluestone)
[49]
High Temp (Std) Accura
PEAK 67.5 4.5 77.8
High-Temp (VisiJet SL Hi- 66.0 34 57-110
Temp)
EPX 82 (Epoxy) 80 2.8 130
RPU 70 40 1.7 60
Carbon 3D RPU 130 (Rigid 35 0.9 120
Polyurethane)
[50]
CE 221 (Cyanate Ester) 85 3.9 230
UMA 90 (Urethane 30 14 45

Methacrylate)
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An early method for improving on the downsides of acrylate and methacrylate
polymers is the use of epoxy materials, either instead of or in addition to the
acrylate/methacrylate [51]. Epoxy resins have been used in composite fabrication for
many decades due to their superior thermal and mechanical properties, low shrinkage
during cure, chemical resistance, excellent adhesion to fillers and fibers, and toughness
[4, 51]. However, photocuring of epoxy resins typically requires cationic photoinitiators
(usually an aryl sulfonium or iodonium salt), which have a low curing speed and produce
a polymer with very poor mechanical properties compared to thermally cured epoxies [4,
26, 51]. To mitigate these speed concerns, some groups have made use of oxetanes rather
than epoxies, which exhibit similar mechanical properties but cure faster [46]. Another
strategy is to include a free-radical photosensitizer in addition to the cationic
photoinitiator [52, 53]. Diaryliodonium and triarylsulfonium salts do not absorb in the
visible light region and so therefore cannot be initiated using visible light; UV light must
be used instead, which is more energy-intensive and comes with safety concerns. The use
of a free-radical photosensitizer enables use of low-intensity, visible light to initiate the
curing reaction if a suitable photosensitizer is chosen. This approach substantially
improves the speed of the photoinitiated curing reaction such that it is sufficiently fast for
SLA printing, and allows for the use of low-intensity, visible light.

There are several requirements of a VPP resin beyond being photocurable. First,
the resin must have a low enough viscosity to allow for the resin to flow back into the
void left by the part when it is lifted off the vat surface. Typically for printers with a

wiper or other resin deposition method, a viscosity of 10,000 cP at the printing
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temperature is an acceptable upper limit [54, 55]. For use in printers without a resin
deposition method (relying simply on flow to recoat the vat), 1000-2000 cP at the
printing temperature is a more suitable upper limit [56]. Generally, resin viscosity should
be tuned with reactive diluents to be as low as possible while still achieving the
performance properties for the desired application.

In addition to viscosity requirements, a VPP resin must also cure fast enough for
printing. One common way to evaluate curing behavior is through determination of the
“working curve” parameters as developed by Jacobs [27]. This experiment provides the
critical energy of curing (Ec) as well as the depth of penetration (Dp). In this experiment,
a series of specimens are printed with varying energy “dose,” which is a function of the
light source power, laser speed (if applicable), and laser spot size (if applicable). These
samples are printed without the build platform in place such that the thickness is not
limited by the build platform. Instead, thickness builds up as a direct function of the dose
applied to the resin. The thicknesses of each specimen are measured as a function of
dose. The thickness is plotted against the log of the dose, and the model in Equation 1 is
fit to the data. The x-intercept of the resulting plot is the critical energy dose, or the
minimum energy required to cure the resin just to the point of solidification. The slope of
the line gives the Dp, or the depth at which the light entering the resin is attenuated by 1/e
[26, 27]. These two characteristic values, Ecand Dp, correspond roughly to the minimum
energy dose needed to cure a layer and the maximum attainable layer height,
respectively. These values are characteristic of the resin and are independent of the

printing parameters.
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Another common characterization method for VPP resins is by photorheology.
The complex viscoelastic behavior of the resin as it cures into a polymer is evaluated as a
function of shear rate for a given irradiance. The time at which the storage modulus
crosses over the loss modulus is considered the minimum exposure time for the resin to
go from liquid-like (higher loss modulus) to solid-like (higher storage modulus) at a
given light source irradiance. With knowledge of the modulus crossover time and
irradiance of the photorheometer light source, a critical energy dose can be determined,
and exposure time (for DLP) or speed (for SLA) may be calculated from this dose value
[57-61]. The utility of these experiments has been demonstrated by Hofstetter, et al. who
have combined both working curve measurements and photorheology measurements to
determine appropriate exposure time for a DLP resin [57]. Li et al also showed that the
experimentally determined modulus crossover time can be used, along with absorbance
of the liquid resin and the solid polymer, to predict working curve parameters, which
showed good agreement with experimentally determined working curve values [58].
Additionally, the plateau value of the storage modulus may be used to evaluate if the
resin will survive the peel forces in the peel step of a bottom-up printer. However, the
utility of this value is still under investigation and has not been well-characterized.
1.3.3 Vat Photopolymerization Composites

At the time of this writing, there are no commercially available, fully-automated
VPP printers that can place fiber reinforcements in-situ. However, composite resin

systems, containing short chopped fibers or nanomaterials, have existed for many years.
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Silica particles, especially nanosilica particles, are a popular reinforcing material for
increasing the glass transition temperature, thermal stability, and mechanical properties
[14, 16, 20, 23]. Various other types of nanomaterials are very common. Properties of
these nanofilled resins include electrical conductivity with the use of silver nanoparticles,
graphene, ceramics, or diamond/SiC [21, 62-66]; stiffness, strength, and cell growth
promotion via the addition of hydroxyapatite or alumina particles [67-70]; stiffness,
strength, thermal stability, and light weight through use of carbon nanotubes or carbon
fibers [17, 71, 72]; and strength and thermal stability via the addition of glass fibers [12,
73, 74]. Woven glass fiber mats have been included in VPP prints, demonstrated by both
Sano et al. [12] and Idrees et al. [74]. Both works demonstrate improved mechanical
properties relative to the neat matrix. In particular, the work by Idrees demonstrates that
the presence and size of resin-rich layers included in these composites are critically
important for toughness and strength. However, both works place the mats using a hand-
layup technique. The next logical step towards improving VPP part properties is,
therefore, to automate the placement of mats to make these composites more industrially
relevant.
1.4 Interpenetrating Polymer Networks

Interpenetrating polymer networks, or IPNs, are an industrially relevant class of
polymers that provide enhanced mechanical properties compared to neat polymers. IPNs
are comprised of two or more crosslinked polymers, at least one of which is made in the
presence of the other [75, 76]. These differ from copolymers in that the different polymer

networks are synthesized via different reaction mechanisms, although they may be
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chemically linked depending on the specific chemistry and functionality of the
monomers. The first synthesis of an IPN was performed in 1960 by Millar [76],
consisting of styrene and divinylbenzene networks. There are generally two main types of
IPN: simultaneous and sequential. Simultaneous IPNs are characterized by two or more
networks being formed in the presence of each other, at the same time. In contrast, in a
sequential IPN, each network is formed independently of the other(s) in discrete steps.
For either type of IPN, the two or more polymer networks may be covalently bonded or
simply intertwined. Acrylate- or methacrylate-epoxy IPNs, both sequential and
simultaneous, have been well-characterized in the literature [46, 75, 77, 78]. For
photocurable formulations, the (meth)acrylate network typically provides fast
photocuring speed and holds the desired shape during a subsequent post-curing step. The
epoxy monomers, crosslinker, and curing agent are held suspended in the (meth)acrylate
network. The part is then fully cured using either heat alone or a combination of light and
heat to further the conversion of both the (meth)acrylate and epoxy networks. A
schematic representation of the sequential IPN process used in this work is shown in

Figure 4.
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Figure 4

IPN Curing Process Schematic
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IPNs have been used extensively in VPP resins, and many examples are present
both commercially and in peer-reviewed literature. Simultaneous IPN resin formulas
have existed since the late 1980s in an attempt to address the shrinking and curling issues
with early acrylate resin formulations [79-81]. Modern resin formulas are commonly
comprised of either simultaneous or sequential IPN systems (most commonly acrylate-
epoxy), and IPNs are offered by most of the modern 3D printing companies today.
Carbon Inc. is an exceptional pioneer in this area, holding 9 patents since 2016 on dual-
cure resin systems at the time of this writing [82-89]. In the literature, epoxy-
acrylate/methacrylate systems [90-97] are by far the most common, but other chemistries
such as silicone-epoxy [98] and cyanate ester-acrylate/bismaleimide [93, 99-101] are also
represented. Use of an IPN resin system is a popular approach to improving the
mechanical properties of VPP printed parts.

1.5 Thesis Summary
This thesis work describes the design and construction of an automated DLP

composite printer for use in military applications. The addition of fiberglass
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reinforcement material improves the mechanical properties of VPP printed parts with
minimal loss of thermal properties. This printer design therefore shows promise as a
means of manufacturing small runs of replacement or prototype parts, especially at the
point of need for military use. More generally, this printer is intended as a tool for
studying additively-manufactured fiber reinforced composites. Automation of this
process enables studying materials with very high loading rates that would otherwise be
cumbersome to produce by hand. These high fiber fraction composites will be more
comparable to traditional composites that typically have loading rates of up to 70% by
volume, which is not feasible with hand-placed fiber mats. This work also presents a
proof of concept of VPP printed composites with hand-placed fiber mats, which show
modest increases in glassy storage modulus and minimal loss of thermal properties
compared to the neat matrix. An IPN resin system was chosen for this initial study to
maximize interlayer adhesion and mitigate any fiber-matrix debonding. Woven glass
fiber mats were chosen as the reinforcing material due to their industrial relevance, low
cost, and transparency to UV and visible light. Chapter 1 introduces the context, need,
and basic principles of VPP printing, printer designs, and materials properties. Chapter 2
describes the custom printer design, including early designs as well as the current design
and prototype. Chapter 3 provides an overview of the characterization techniques used in
this work to evaluate the exemplar IPN resin system. The results of this characterization
and corresponding discussion are outlined in Chapter 4. Finally, Chapter 5 provides
conclusions and recommendations for future work, both in characterizing printed parts as

well as the printer design itself.
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Chapter 2

Custom Printer Design

2.1 Overview

In order to produce additively manufactured composite parts, a custom digital
light projection 3D printer was developed that can embed fiber mats in a thermoset
matrix. The fiber handling component of the printer has undergone two main iterations,
both of which will be described in this section. Prototype 1 was designed for aligned,
post-drawn nanofiber mats, manufactured from either PAN or PCL nanofibers [102-104].
These fibers range in diameter from a few microns down to hundreds of nanometers, and
thicknesses are adjustable depending on the spinning time. These polymers were chosen
with pyrolysis in mind to ultimately produce aligned carbon fiber mats. Prototype 2 was
designed for a commercially available 7 %2 oz. plain woven E-glass fiber mat purchased
from Fibreglast (Brookville, OH, USA), sized with an all-purpose sizing appropriate for
vinyl ester and epoxy resins.
2.2 Prototype 1

The schematic in Figure 5 shows the details of the initial design, Prototype 1. The
printer’s mechanical components consist of a build platform and z-axis (green), optically-
transparent resin vat (blue), 4K projector and mirror (red), and movable frame (purple)
containing two fiber frames (yellow). A full list of components is tabulated in Appendix
B. The resin vat is equipped with a servo tilt motor, which lowers one side of the vat after
each layer is printed. This motion breaks the adhesive forces between the just-cured layer
and the bottom of the resin vat. This is necessary for resin systems that have
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exceptionally high cured adhesion to the bottom of the vat and helps to minimize the
forces associated with peeling the just-cured layer off the bottom of the vat. Such forces
can sometimes be large enough to pull the in-progress part off the bottom of the build

platform, so it is necessary to minimize these where possible.
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Figure 5

Prototype 1 Schematic

The printer utilizes a projector to illuminate a photocurable thermoset resin in a
layer-by-layer fashion. This light source differs from that in most commercial designs.
Typical SLA printers cure the resin via a laser, which rasters over the resin to selectively

cure the desired cross-section. Lasers are fast, accurate, and are available in a range of
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powers. The laser power can be tuned appropriately for a given resin to balance the cure
time with warping and dimensional inaccuracies that can occur from over-curing.
However, lasers require the use of galvanometers, which are responsible for tilting
mirrors that direct the laser point to the appropriate location. There is currently no open-
source software available that provides both the ability to control galvanometers and the
option for custom code, which is essential for controlling the additional motors in the
printer design. For this reason, we chose to utilize a digital light projection (DLP) design.
DLP printers use a projected image to cure each layer in one pass. The DLP design
permits the use of a powerful, free program called nanoDLP, which is highly adaptable
compared to other slicing programs. NanoDLP offers the ability to write custom code to
be executed at either the beginning or end of a layer (before or after the light cures a
layer, respectively). This capability is crucial for fiber dispensing and frame positioning.
Furthermore, DLP may be able to achieve higher print resolution in the x-y plane
depending on the resolution of the projector. Features in the x-y plane can be no smaller
than the spot size. For a typical SLA laser, the spot size is generally on the order of 50-
150 microns.[26, 27] By comparison, a projector with 4k resolution (3840 x 2160 pixels,
16:9 aspect ratio) projected onto a 10 x 5.27 cm surface has a pixel (spot) size of
approximately 25 microns. Very high resolution in the x-y plane is therefore achievable
for small, highly detailed parts.

The location of the projector and mirror in the printer design are indicated in red
in Figure 5. The 4k projector (BenQ HT2550) contains a mercury-vapor bulb, which

offers a broad range emission ranging from UV-C up to the near-IR range. While the
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mercury-vapor bulb has a lower irradiance compared to a laser, the broader light output
allows for more flexibility in the choice of photoinitiator as well as resin chemistry.
Resins that strongly absorb light at the output wavelength of a laser (typically 405 nm)
are unsuitable for traditional VPP since they attenuate the light and limit its ability to
activate the photoinitiator. However, these resins may be printable on a DLP printer,
where there is some output in the UV as well as the visible range. The broad output of a
mercury vapor bulb offers greater flexibility in choice of initiating wavelength, allowing
exploration of a wider range of resin-photoinitiator systems.

The custom printer design deviates from existing printers in a few key areas. The
primary difference is the addition of fiber frames, highlighted in yellow in Figure 5. Two
frames were built such that fiber mats of opposing alignment (£45°) could be used. In this
way, the mats could be placed in alternating alignments to maximize strength and
minimize warping. The entire frame system is also controlled by a stepper motor and
belt-and-pulley system to control lateral positioning, shown in purple in Figure 5. The
lateral motion is needed so that the appropriate frame can be placed under the build
platform for incorporation into the next layer. The inclusion of multiple frames allows for
opposing fiber alignment, which is typically desirable for the best strength and minimal
warping across the part [4].

To use the fiber system, spools of fibers are loaded into the frames. These spools
are individually controlled by stepper motors attached to a spool pin. The fiber frame
motion and positioning are controlled by a stepper motor and belt-and-pulley system, as

indicated in purple in Figure 5. The frames are separated by an open space large enough

29



for the build platform to reach the resin vat and print normally. This opening maintains
the ability to print without fibers, e.g. for rafts, support material, or regions of the part
that do not require additional reinforcement. This feature conserves fibrous material and
allows the printer to be used even if fibers are not required. For layers with fibers, the
print proceeds as follows. First, the appropriate frame moves under the build platform at
the beginning of the desired layer. The build platform will then lower and press the fibers
into the resin. Next, the light illuminates the polymer in the appropriate shape to initiate
curing. The cured layer is peeled off the bottom of the vat via a tilt mechanism, which
breaks adhesion between the resin vat and the recently cured layer. After the peel step,
the build platform lifts high enough that the fibers are detached from the fiber frame
support, and the print will proceed as usual. Excess fibers on the edge of the print are
trimmed in post-processing.

The printer control strategy is detailed in Figure 6. The printer is controlled by a
free software program called nanoDLP, which is hosted on a Raspberry Pi 3B+.
NanoDLP can be accessed from any browser that is connected to the same network as the
Raspberry Pi. The Raspberry Pi is responsible for generating all movement commands
and “slicing” a 3D model into 2D layers, as well as sending 2D sliced images to the
projector. The movement commands are translated by the microcontroller board

(Megatronics V3.0) to control the moving parts of the printer.
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Figure 6

Printer Control Strategy
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2.3 Prototype 2

This first prototype introduced the electronics, software, and mechanical
components needed for a DLP composite printer. This design had a few flaws; namely,
the many additional motors (two for each of the fiber frames, and one to move the fiber
frames back and forth) and the lack of fiber feedstock flexibility. The feed-side spool pins
in this design are located very close to the fiber frame itself, which leaves little room for
full-size spools and limits scalability of the printing process. Additionally, the motor
controlling fiber dispensing is attached directly to the spool pin. This means that the
rotational distance traveled must change as the diameter of the spool changes, as the

spools go from full to empty. This added additional complexity to the coding that was not
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feasible in gcode. Furthermore, the fiber system was designed for a non-commercialized
fiber feedstock, which introduced difficulties in feedstock consistency and access.
Several changes were made to the printer design to address these drawbacks. To
improve on the feasibility and practicality of the design, we decided to move towards a
commercial, woven fiber product. The fiber tape was pre-cut into perforated squares
using a VersaLaser VL3.50 from Universal Laser Systems equipped with a 50W CO>
laser, set to 30% power and 3.0% speed. The fiber cut-outs were perforated such that they
held their shape on the roll but did not separate from the surrounding tape until after the
printed layer was cured. This solved several problems. First, the fiber tapes are
commercially available, so we were able to obtain fibers in any quantity needed. Second,
as we moved to a traditional product containing fibers woven at 90° to each other, the
need for a second fiber frame was eliminated. Each fiber layer contained fibers at both 0°
and 90°, and there was no need to alternate between different fiber alignments.
Additionally, we moved the motor controlling dispensing (termed the “velocity motor™)
in-line with the fiber tape, such that the fullness of the spool had no impact on how far
the motor needed to rotate. This change significantly simplified the gcode needed; rather
than needing to calculate a rotational distance based on the diameter of the spool at a
given moment, a set amount could be dispensed each time (assuming consistent fiber mat
spacing). To control the alignment and height of the fiber tape as it travels across the
resin vat surface, a series of nip rollers were added. These rollers guide the tape and
ensure it is planar with the resin vat when the fibers are pushed into the resin. Lastly, a

torque motor was added to the tape system on the take-up side, after the resin vat. The
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torque motor varies its shaft rotation (either clockwise or counterclockwise) in order to
maintain a constant tension on the tape. The torque motor operates individually from the
printer and is attached to a spindle, which turns to take up any slack in the tape. This
motor keeps the tension on the tape constant as the velocity motor dispenses tape.

A schematic of Prototype 2 is shown in Figure 7. The tape travels up and over the
velocity motor spindle, through a series of nip rollers, over the surface of the vat, through
some additional nip rollers, and finally is taken up by the torque motor. The order of

rollers through which the tape passes is indicated by the red arrows.
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Schematic of Prototype 2 Showing Direction of Tape Travel
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The printing process proceeds as follows: first, the tape is drawn through the tape
handling system, which consists of the spool, velocity motor, nip rollers, and torque
motor. The first perforated fiber square is then positioned directly under the build
platform. Next, the build platform lowers into the vat, pressing the fibers into the resin
and against the vat surface. Once all motions are completed, the projector is triggered,
and the appropriate shape is projected onto the vat bottom to cure the resin. Then, the tilt
motor is activated to peel the cured polymer off the vat surface. The build platform lifts,
and the fibers remaining at the perforated edges are torn to release the fiber mat from the
tape. Finally, the tape is advanced forward by the velocity motor, and the resulting slack
in the tape is taken up by the torque motor.

Prototype 2 is a large improvement on Prototype 1. Prototype 2 makes use of
commercial materials which are easily obtainable and relatively inexpensive.
Additionally, Prototype 2 is more adaptable to spools of different size if needed. While
the spool holder attached to the shaft was designed for the cardboard tubes on which the
fiber tapes are packed, a range of spool holders could be designed to fit different spools.
Prototype 2 also significantly simplifies the gcode required to control the printer by
eliminating the need to dynamically calculate travel distances on the velocity motor. This
leaves two spaces open on the board for additional motors or tools that may be needed for
future iterations, e.g. an on-board laser cutter, post-printing curing lamp, etc. These
potential added components will be described in Chapter 5. This printer was used to
fabricate all printed parts described in subsequent chapters, although the fiber tape system

was not used and fibers were instead hand-placed into the prints. A basic dispensing and
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tape alignment test has also been performed, however, and it was found that the printer is
able to adequately align cut squares with the bottom of the build platform. There are
additional changes needed before a fully automated print test can be performed. The

suggested changes are outlined in Chapter 5.
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Chapter 3

Characterization and Experimental Methods

3.1 Introduction

The characterization methods, materials, and synthesis methods used within this
body of work are described in the following chapter. The characterization techniques
used for the polymers and printed composites are detailed. The synthesis and formulation
of a sequential dual-cure IPN resin is detailed. The printing method used for making both
the neat matrix and composite samples are described.
3.2 Matrix and Composite Properties

The following sections are intended to serve as a brief introduction to the
characterization techniques used in this work and outline the experimental methods used
for each characterization technique. Density measurements, Fourier-transform infrared
(FTIR) spectroscopy, and dynamic mechanical analysis (DMA) are described, and
general theory is provided for each within their respective sections.
3.2.1 Density Measurements

Density was determined for the matrix, fiber mats, and composites, and was used
to calculate fiber weight fraction, fiber volume fraction, and void fraction in the
composites. The density of all cured samples was taken prior to any further testing. Using
a density kit, the measured density, om, of each specimen was determined according to
Archimedes’ principle:

Wtair X pfluid
Wtair - Wtfluid

Pm = (2)
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where pmuia 1S the density of the fluid and Wtis the weight for each material in either air
or fluid. Water was used as the fluid. Weight fraction, Wz and volume fraction, Iz of the

fibers in the matrix were determined from the measured weights and densities:

Wtc,air - thatrix,air

thatrix,air

Wy
/ Priver

W (1-w) /
/pfiber,m + Pmatrixm

where Wit.airis the weight of the composite in air, Wtmatrixairis the weight of the matrix in

Vs (4)

air, prverm 1S the density of the fiber mats, and pmarrixm is the measured density of the
matrix.

In order to calculate void fraction in the composites, the theoretical density was
first computed. Theoretical density of the composites, pc¢, was determined from fiber
density, matrix density, and volume fraction according to:

Per = Pmatricm X (1= V5) + priver.m(Vr) (5)
and void volume fraction, I, in the composites was computed according to:

Pct — Pem

Vo =
0 Pe,t

(6)

where pgm is the measured density of the composite.
3.2.2 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a type of absorption
spectroscopy that provides information about molecular rotations and vibrations. FTIR

measurements are fast, sensitive, and nondestructive, which makes FTIR a popular
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technique for analyzing both organic and inorganic compounds. The IR spectrum is
typically divided into near (12,800-4000 cm™), mid (4000-200 cm™?), and far (200-10 cm
1 regions [105]. The mid-IR region is most commonly used for both quantitative and
qualitative analysis, since most organic materials will exhibit a fundamental vibration
somewhere in this region. Near-IR is also used for quantitative analysis, although less
commonly. Absorption bands in the near-IR are overtones or combinations of
fundamental stretching vibrations that occur in the fingerprint region of mid-IR (3000-
1700 cm®) [105]. Far-IR spectroscopy is typically reserved for inorganic molecules,
where the vibrations between metal atoms and ligands happens at very low frequencies
(>650 cm™). Far-IR can also be used to evaluate rotational transitions in the gas phase
[105]. Both the mid- and near-IR regions are used for quantifying extent of cure in the
field of polymers.

A molecular vibration or rotation is active in the IR region if it undergoes a net
change in dipole moment. If the frequency of the radiation exactly matches the natural
vibration frequency of a molecule (or functional group), the radiation is absorbed. These
absorptions are highly characteristic of specific functional groups, which make FTIR
suitable for qualitative identification in addition to quantitative analysis. Some types of

molecular vibrations are shown in Figure 8.
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Figure 8

Types of Molecular Vibrations
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Typically, FTIR instruments collect signals in the form of percent or fraction of
transmission, which can be converted to absorbance values. The resulting absorbance
values are linear with concentration according to the Beer-Lambert Law,

A=¢lc (7)
where gis the extinction coefficient at a given wavelength, /is the path length, and cis
the concentration. This allows for use of absorbance values to calculate relative
concentrations, as in extent of cure calculations for polymers [106].

FTIR instruments collect data in the time domain and convert the data to the
frequency domain through a Fourier transform. This is accomplished using a Michelson
interferometer, which allows for collection of very high-frequency signals such as those

in optical spectroscopy. In a Michelson interferometer, a beam of light impinges on a
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beamsplitter, which reflects half the radiation and transmits the other half. The twin
beams are then each directed at a mirror, one of which is moveable and one of which is
fixed. The beams then hit the beamsplitter a second time, and half of each beam is
directed towards either the sample and detector or back to the radiation source. The
motion of the moveable mirror causes a difference in path length, which is related to
time. As the light travels through the sample, the sample absorbs light at frequencies that
perfectly match that of a molecular vibration, and the light impinging on the detector is
reduced in intensity compared to the source. The result of this process is therefore a plot
of intensity as a function of time, called an interferogram. The time-domain interferogram
is converted to a frequency-domain spectrum through mathematical transformation.
FTIR instruments can be of the single-beam or double-beam type. In a single-
beam instrument, the reference or background spectrum is collected separately from the
sample. The ratio between the two signals is computed to give the transmittance at each
frequency. In a double-beam instrument, the sample and reference signals are collected
simultaneously, such that data is obtained at each mirror position. This design
compensates for source and detector drifts as well as any changes in atmospheric
conditions. Generally, a single-beam instrument is sufficient for routine sample testing.
In this work, a single-beam FTIR instrument (Nicolet iS50) was used in the near-
IR region to determine extent of cure of polymers, utilizing a CaF2 beam splitter. Three
replicates from the same print (build platform) were collected for each test condition.
Spectra were collected at a resolution of 2 cm™ and 32 cumulative scans in the range of

4000-10,000 cm?, and a background spectrum was collected prior to each sample scan.
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In this range, there are absorption bands characteristic of the C=C double bond stretch of
the methacrylate at ~6165 cm™ [107], N—H stretching and bending of the amine at
~5050 cm [106, 107], and N—H stretching overtones of both primary and secondary
amines at ~6675 cm™ [106, 107]. The oxirane combination bending and stretching band
at ~4530 cm™* was not used in this study due to insufficient resolution of the peaks in this
area of the spectrum; however, deconvolution of the spectrum would allow for
quantitation of this peak.

Conversion was calculated for both the methacrylate and amine groups to
determine the extent of cure for the methacrylate and epoxy-amine networks,
respectively. Peak area absorbance values for the appropriate peaks for each network
were collected for both the resin and polymers, and normalized against an internal
standard, namely a peak for a vibration that does not participate in polymerization (C—
H at 5985 cm™) [107]. This normalization accounts for any differences in sample
thickness (path length) or refractive index that impact the absorption area. Because there
are two relevant peaks for the conversion of the epoxy-amine network, these peaks were
averaged together to obtain an average amine conversion. Conversion of the methacrylate
Network, amethacryiate, and the epoxy-amine network, aamine, were calculated according to

Equations 8 and 9, respectively:

(M) _ (M)
Asogs cm-1 resin Asogs cm-1 polymer

Amethacrylate = (

(8)

Ag16s cm-l)
Asogs cm-1 polymer
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Asoso em-1 t A6675 cm—l/ A5050 em~1 t A6675 cm—l/
2 2

A5985 cm~1 A5985 cm~1
resin polymer (9)

Xamine =

Asos0 cm-1 + Ase7s cm-l/2

A5985 cm~1
polymer

These conversion values were determined at each step of the printing process, comprising
the additive manufacturing step (AM), Form Cure step (FC), and post cure step (PC).
These steps are described in greater detail in subsequent sections.
3.2.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis, or DMA, is a powerful thermomechanical
technique that gives information about the viscoelastic behavior of a material [108]. An
oscillating (sinusoidal) deformation is applied to the sample (either strain- or stress-
controlled, but most commonly stress-controlled), and the response of the sample to the
deformation is measured. The phase angle or lag between the force and the resulting

displacement, denoted ¢, is measured as a function of temperature. This phase angle is 0°
for a perfectly elastic material and 90° for a perfectly viscous material. For polymers,
which generally exhibit both elastic and viscous behavior, the phase angle ¢ is between 0°
and 90°. This value, as well as the material response to deformation, can provide

information about damping, stiffness, elasticity, glass transition temperature (Tg),
relaxation temperatures, cure or vitrification behavior, stress-relaxation behavior, and
creep behavior as a function of time, temperature, and frequency of oscillation [108,

109].
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Modulus values give information about a material’s resistance to deformation, or

stiffness. Modulus is defined as the slope of the stress-strain curve:

E= (10)

o
B
However, for DMA measurements, the complex modulus must be considered, due to the
sinusoidal nature of the applied stress. The complex modulus provides both the storage
modulus, or ability to return or store energy, (£7) and loss modulus, or the ability to lose
energy (£7).

E* =E'+iE" (11)
These are derived from the complex stress and strain. Stress (o) and strain (¢) are defined
by the following equations:

0 = g, sin(tw + 6) (12)

€ = gy sin(tw) (13)

where  is the oscillation frequency, t is time, and ¢ is the phase angle. And £”(storage

modulus) and £”(loss modulus) are defined by:

(o]

E'="cos§ (14)
€o
n_ 9 .
E" =—sind (15)
o

E’_sin(S_t 5 16
E"  cosé an (16)

The value of tan ¢ provides a measure of energy dissipation in a material under cyclic

load. The glass transition temperature of polymers is often reported as the peak of the tan

44



o curve. This corresponds with a large drop in the storage modulus as the material goes
from a rigid solid to a more rubbery material.

Generally, a DMA experiment proceeds as follows. A thin (1.5-3 mm thick) bar
of the material of interest is subjected to a sinusoidal deformation, or stress (o), and the
resulting strain (¢) is measured as a function of time, temperature, and frequency. The
material’s resistance to deformation is related to its modulus (E). The clamping geometry
varies depending on the type of sample being tested and the desired information. For this
work, a single-cantilever geometry was used, which is the preferred geometry for
characterizing materials through the glass transition [109]. In this geometry, one end of
the sample is kept fixed, while the other oscillates up and down according to a specified
amplitude. Typically, the output of a DMA test is given as a plot of £ £, and tan J as a
function of temperature. The tan ¢ value provides information about damping and energy
dissipation during the test, while the temperature value at which the peak of the tan ¢
occurs is commonly reported as the Ty.

In this work, DMA thermograms were collected for both the neat matrix and
composite samples on a TA Instruments Q800 DMA. A single cantilever geometry was
used with sample size 2.5 x 12 x 35 mm?. Samples were clamped using a torque wrench
to a torque value of 7.5 in-Ib. Tests were conducted at a frequency of 1 Hz and Poisson’s
ratio of 0.35, and deflection amplitude of oscillation of 7.5 pm. Samples were

equilibrated at 0 °C, held isothermally for 5 min, then ramped at 2°C/min to 250 °C. For

this work, all glass transition temperatures are reported as the peak of the tan  curve, and
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the glassy storage modulus is given as the £”value at 25 °C. Data was collected in
triplicate using three different samples from the same print (build platform).
3.3 Materials

Phenol (99.5%) and 4-dimethylaminopyridine (DMAP) (99%) were purchased
from Acros Organics (Fair Lawn, NJ, USA). Methacrylic anhydride (94%) was
purchased from Alfa Aesar (Haverhill, MA, USA). Diphenyl (2,4,5-
trimethylbenzoyl)phosphine oxide (TPO) was purchased from TCI (Tokyo, Japan).
Isopropyl alcohol (IPA) was purchased from VWR (Radnor, PA, USA). Compressed
nitrogen (N2, 99.998%) and compressed argon (Ar, 99.999%) were purchased from
Airgas (Radnor, PA, USA). Epon Resin 828 (diglycidyl ether of bisphenol A, Epon828)
and diethyl toluene diamine (Epikure Curing Agent W) were obtained from Hexion
(Columbus, OH, USA). Fabric style 120, 3 oz. E-glass woven fabrics were purchased
from Fibreglast (Brookville, OH, USA). All chemicals were used as received.
3.4 Synthesis of PM-EM828

The resin was synthesized via a one-pot two-step reaction methodology as shown
in Figure 9 [90, 110]. In a three-neck round bottom flask equipped with a mechanical
mixer, phenol (75.00 g) and DMAP (4.92 g) were added. The mixture was purged with
argon for 10 min and then methacrylic anhydride (124.09 g) was added. The reaction
mixture was heated to 50-55 °C with continuous stirring. After 72 h, the reaction mixture
was cooled to room temperature and a stoichiometric amount of Epon 828 (301.84 g) was
added to the reaction flask. The mixture was then heated to 80 °C and monitored via acid

number titration until a free acid number below 10 was obtained, corresponding to less
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than 3% remaining acid. The resulting reaction vessel contained a mixture of phenyl
methacrylate monomer (PM) and partially methacrylated Epon 828 (EM828) in a 1:1 mol
ratio as well as minimal amounts of unreacted starting materials and dimethacrylated

Epon 828.

Figure 9

Synthetic Scheme for Synthesis of PM-EM828 Resin
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Methacrylic Acid Solventless

Diglycidyl Ether of Blsphenol A (Epon 828)

mmm

Mono-methacrylated Diglycidyl Ether of Bisphenal A (EM828)

3.5 Formulation of PM-EM828

PM-EM828 resin was formulated via the addition of appropriate curing agents to
the resulting reaction mixture, namely, TPO for the methacrylate network and Epikure W
curing agent for the amine network. TPO was added to the reaction mixture at 2 wt% of

the total reaction mixture, and a stoichiometric amount of Epikure W was added
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assuming 100% conversion to EM-828 in the second step. These components were mixed
in a Thinky ARE-310 planetary mixer for 10 minutes on a mixing cycle at 2000 rpm and
5 minutes on a defoaming cycle at 2200 rpm. These two mixing/defoaming steps were
repeated once more for a total of 30 min mixing time.
3.6 Printing PM-EM828 and Composites

The Prototype 2 custom printer was used to fabricate all specimens in this study.
The formulated PM-EM828 resin was added to an FEP resin vat. Depending on the
desired layer height, 45 s (100 um), 70 s (200 um), or 90 s (300 um) exposure time was
used for each layer. The printed DMA specimens were arranged as in Figure 10. on the
build platform for printing. For all flat-printed samples, the build platform was covered in

aluminum foil held in place with double-sided tape to aid in specimen removal.

Figure 10

Arrangements of Printed DMA Bars on the Build Platform, a) Flat and b) Edge

a) b)
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The exposure times for each layer height were determined through a ladder cure
study as follows. Specimens were printed at the desired layer height beginning at 10 s
exposure time for each layer. The print was then evaluated to determine answers to the
following questions: (1) Did a solid form? (2) Is the solid stiff enough to hold its shape as
it is removed from the build platform? (3) Is it able to be removed from the build
platform? If the answer to (1) was no, the cure time was increased by 10 s and the test
was repeated. Once a solid was formed, the cure time was increased by 10 s in increments
until it was stiff enough that the answer to question 2 was yes. If at any point the answer
to (3) was no, the cure time was reduced by 5 s until it was able to be removed. In this
way, the exposure times for each layer height were determined systematically.

For printing of composites, pauses at the desired intervals were added via the
nanoDLP software. Upon pausing, the build platform was removed, and fiber mats were
placed by hand onto the previously printed layers. Fiber mats were trimmed to fit the
perimeter of all printed samples. Mats were smoothed by hand to minimize the presence
of bubbles and ensure sufficient wetting. After addition of the fiber mats, the build
platform was returned to the printer, and the print was resumed. Upon completion of the
print, the samples were removed from the build platform, and samples were washed in a
Formlabs Form Wash containing isopropanol for 30 min, followed by 1 hr drying time.
To further the conversion of both the methacrylate and epoxy networks, the dried samples
were then postcured in a preheated Formlabs Form Cure (denoted FC) for 2 hr at 80 °C
and 39W 405 nm light. Samples were allowed to cool ambiently to room temperature.

Finally, the samples were postcured in a preheated thermal oven at 180 °C for 2 hr
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(denoted PC). After postcuring, excess fibers were trimmed from the edges of the DMA
bars using scissors. Any remaining fibers were trimmed using a razor blade.

Composites were fabricated containing fibers in every 4" layer (25% fiber-
containing layers, or FL) at a 200 um layer height. Samples were printed both flat and on
edge using a 70 s exposure time. For the edge-printed samples, an additional set was
fabricated using a 90 s exposure time to evaluate the effect of cure time on the resulting

composite properties.
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Chapter 4

Results and Discussion

4.1 Introduction

The main objectives of this work were to evaluate the effect of layer height and
orientation (flat or edge) on extent of cure and DMA properties, as well as to demonstrate
the feasibility of producing fiber-reinforced polymer composites on the custom DLP
printer. To do so, a custom dual-cure sequential IPN resin, PM-EM828, was used in
conjunction with woven glass fiber mats to fabricate composites. PM-EM828 contains
both methacrylate (light-cured) and epoxy (thermally-cured) components, which make it
an IPN. These are cured sequentially, where the methacrylate network is cured first in the
additive manufacturing (AM) step, and the epoxy-amine network is cured second in a
thermal post cure. These two networks are covalently linked together via the dual-
functional crosslinker, EM828, which contains both methacrylate and epoxy moieties.
PM-EM828 was chosen for its high thermal and mechanical properties, with a glass
transition temperature approaching 140 °C and storage modulus as high as 3.2 GPa [90].
PM-EM828 also has a viscosity of approx. 1200 cP at 25 °C, well within the processable
range for vat photopolymerization and low enough for fiber wet-out. The printed
composites were evaluated for density, volume fraction, void fraction, extent of cure,
storage modulus at room temperature, and glass transition temperature via the peak of the

tan o curve.
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4.2 Printing PM-EM828 and Composites

Matrix samples were printed at a range of layer heights (100, 200, and 300 x«m).
Samples with a 200 um layer height were printed in both flat and edge orientations.
Composites were printed using a layer height of 200 «m, and both flat and edge
orientations. Mats were carefully placed by hand such that one fiber orientation was
parallel to the long dimension of the DMA bar. Exemplar trimmed and untrimmed edge-
printed AM samples are shown in Figure 11. Some evidence of fiber pull-out is visible in
the trimmed sample, particularly at the ends of the bar. However, good fiber wet-out was
generally achieved, especially in flat printed samples.

Two different exposure times were evaluated for the edge-printed composite (70
and 90 s). The composite was first printed using the same cure time as the matrix, 70 s.
Significant adhesive failure was evident in the edge-printed sample after the DMA test. It
was hypothesized that the fiber-matrix debonding evident in these samples could be
mitigated by increasing the exposure time and, consequently, increasing the initial AM
extent of cure. However, similar failure was found in the samples cured for 90 s. We can
therefore conclude that the failure is a result of the fiber mat orientation relative to the
plane of the DMA test, and that orientation is critically important for parts that will be

exposed to temperatures approaching 250 °C as in the DMA test.
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Figure 11

Photographs of Printed Composites

4.3 Matrix and Composite Properties
4.3.1 Density

Density measurements were collected for matrix samples at 100, 200, and 300 um
layer height, as well as for all composites produced by a colleague in the laboratory. The
fiber weight fraction, fiber volume fraction, and void fraction were calculated for all
composites from measured (experimental) densities. The results of these measurements
are reported in Table 2. The density of the matrix was measured to be 1.201 + 0.0076

g/cm? and the density of the fiber mats was measured to be 2.25 + 0.15 g/cm?® based on
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Archimedes’ principle. The matrix value is comparable to what has been previously

reported in the literature (1.199 + 0.003 g/cmq) [90].

Table 2

Density Properties for Composites

sample Measured Fiber Weight Fiber Volume  Void Fraction
P Density (g/cm®  Fraction (%) Fraction (%) (%)
25% FL, flat 1.257 + 0.0024 10.47 £ 0.86 591+0.51 0.97+£0.51
25% FL, edge, 70 s 1.250 £ 0.0047 10.76 £ 1.97 6.1+1.2 1.74 £ 0.67
25% FL, edge, 90s 1.252 +0.0012 8.24 £0.47 4.60 £ 0.27 0.43+0.24

Overall, the densities of the composites are roughly the same. This is expected
since the composites were all fabricated using the same fiber loading (same number of
FL). The slightly lower fiber weight/volume fractions in the 25% FL, edge, 90s exposure
samples are likely due to fiber pull-out in the trimming step. The edge-printed specimens
have a large surface area perpendicular to the plane of the fiber mat, such that the ends of
the fibers protrude from the flat plane of the specimen. The resulting large surface area
makes trimming difficult and makes fiber pull-out likely. However, the void fraction of
this sample is also the lowest of all the composites fabricated. Further investigation is

needed to determine if this is a function of the longer cure time, fiber pull-out, or simply
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within error of the density measurement. These results, however, suggest that parts
printed on the custom printer should be carefully oriented to place areas with the highest
surface area in-plane with the fiber mats.

The fiber weight fraction and corresponding volume fraction are quite low
compared to typical fiber loading for industrially manufactured composites (50-70%) [4].
However, even at modest fiber loading of about 10% by weight (~5% volume fraction),
the glassy storage modulus via DMA was increased from approximately 2.9 GPa to 3.7
GPa. This indicates that even small amounts of fiber have a strong impact on the resulting
properties. These results also indicate that placing fibers in every layer, as in the custom
printer, will likely offer dramatic improvements in strength, modulus, and toughness
relative to the neat matrix. These DMA results are described further in Section 4.3.3.

The printed composites exhibit void fractions in the range of 0.43 £ 0.24 and 1.74
+ 0.67%. A review of recent epoxy-glass fiber composites where void fraction was
reported suggest these void fraction values are on par or better than other composite
fabrication methods, which show void fractions in the range of 0.5 — 5% [111-114]. The
void fraction obtained will be a strong function of fiber weave, fiber material, fiber
sizing, and resin viscosity. This particular combination of a medium-viscosity resin and
satin-weave glass fiber mats, however, yields few defects in the form of voids.

4.3.2 Extent of Cure

Fourier-transform infrared spectroscopy was employed to measure the extent of

cure, or conversion, of all polymer specimens fabricated. Extent of cure for the

methacrylate network was determined after the additive manufacturing step (AM), Form
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Cure UV-postcure (FC), and thermal postcure (PC) steps. Extent of cure of the epoxy-
amine network was determined via conversion of both primary and secondary amines
after the FC and PC steps, as it has been shown previously that there is no epoxy
conversion for PM-EM828 during the additive manufacturing step [90].

Figure 12 shows an exemplar series of FTIR spectra for the neat matrix through
the course of printing and postprocessing steps. Spectra are attenuated to 4500-9000 cm!
to eliminate noisy regions outside of the main spectral area. Spectra are offset for clarity.
All other FTIR spectra are shown in Appendix A. As the printing and post-curing process
proceeds, the peak corresponding to the methacrylate C=C stretch at 6165 cm™ decreases
as the C=C double bond is converted to a C—C single bond as a result of polymerization.
Similarly, the primary and secondary amine peaks centered at 5050 and 6675 cm™®
decrease as the amine groups are converted to tertiary amines in the epoxy network.
Additionally, the band at 7000 cm™ corresponding to O—H overtones grows in as the

oxirane group ring-opens to form a hydroxyl in the FC and PC steps.
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Figure 12

Exemplar Normalized FTIR Spectra For 100 um Matrix
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The extent of cure of both the methacrylate and amine networks are plotted in
Figure 13, and the corresponding values are tabulated in Table 3. Error bars in Figure 13
are small and represent one standard deviation from the mean. Generally, the
methacrylate network achieves a final extent of cure of about 85-95% after postcuring,
and the epoxy-amine network reaches 65-75%. Where the initial methacrylate extent of
cure is higher, the final amine extent of cure tends to be lower. This trend is likely due to

lower mobility of epoxy and amine species in the partially cured methacrylate network as
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the initial methacrylate network has vitrified before the thermal post-curing steps. It is
also evident that, in the matrix-only specimens, there are no clear trends in conversion as
a function of layer height, particularly when only considering the final conversion after
the PC step. This is an interesting result, as we expect some differences due to the layer-
by-layer nature of additive manufacturing. This may be due to the non-linear range of
cure times chosen (i.e. the cure time for 200 um layer height is not twice that of 100 pm
layer height). Any trends may emerge if each cure time was a multiple of the layer height.
However, the lack of an apparent trend does suggest that the layer height has little
influence on the final conversion, and that, for composites, an appropriate layer height
may be chosen based on the fiber mat thickness only and conversion differences do not
need to be considered. Additionally, there is little difference between the two different
orientations printed at 200 um layer height. It is of note that the flat-printed sample had a
lower methacrylate extent of cure after the AM step, but ultimately a higher final
methacrylate conversion. The opposite trend exists in the amine conversion, which is

likely due to molecular mobility in the network as described before.
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Figure 13

Conversion as a Function of Printing Stage for a) 100 um Edge, b) 200 um Edge, c) 300

um Edge, and d) 200 um Flat Matrix Samples
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Table 3

Summarized Extent of Cure Values

Curing Stage

O methacrylate (%)

Olamine (%)

100 um, edge AM 86.89 + 0.76 -
AM-FC 87.68 + 3.07 64.77 £ 1.06
AM-FC-PC 91.16 £ 0.69 70.33+0.78
200 um, edge AM 87.62+1.26 -
AM-FC 90.58 £ 0.83 67.84 +0.34
AM-FC-PC 90.55+0.21 76.04 £ 0.45
300 um, edge AM 81.34+£0.72 -
AM-FC 91.39 £ 0.50 61.57 £ 0.33
AM-FC-PC 91.53+0.17 71.35+1.03
200 um, flat AM 84.23 £ 0.03 -
AM-FC 95.08 + 0.88 56.61 + 0.89
AM-FC-PC 94.46 £ 0.54 66.27 £1.71
25% FL, flat AM 79.15+0.40 -
AM-FC 92.85+0.33 61.32 £0.33
AM-FC-PC 91.71 +£1.69 67.73+£0.22
25% FL, edge, 70 s AM 80.44 + 3.38 -
AM-FC 89.0 £ 1.55 67.17 £ 0.37
AM-FC-PC 82.71 £ 0.08 76.54 £ 0.15
25% FL, edge, 90 s AM 83.32+0.79 -
AM-FC 91.42 +3.29 62.33 £ 0.89
AM-FC-PC 90.01+2.74 66.31 +5.43
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For the composites, several trends are evident. First, the initial methacrylate
extent of cure is generally lower than that of the matrix-only samples. It is likely that the
fiber mats block some of the light from penetrating through to the matrix, and either the
fibers themselves or the sizing surface treatment absorbs some light. Even though the
fibers are transparent in the visible region, the fibers or the sizing may absorb in the UV,
which comprises some of the projector output. This means that less light is available for
initiating cleavage in the photoinitiator, and the lower concentration of photoinitiator
radicals ultimately results in less conversion in the AM step. Also, generally, samples that
have a lower initial methacrylate cure exhibit a higher final amine extent of cure. This
effect is again attributed to lower epoxy or amine molecular mobility as a result of a more
densely crosslinked methacrylate network.

4.3.3 Thermomechanical Properties

In order to determine the effect of layer height and orientation on the matrix and
composites, DMA thermograms were collected as described in Chapter 3 for all samples
fabricated. Exemplar thermograms for all matrix samples are shown in Figure 14. Storage
modulus at 25 °C, peak of the loss modulus, and peak of the tan ¢ curves are tabulated in
Table 4. Overall, there are few differences between matrix samples as a function of layer
height. There is a slight B-transition evident as a shoulder on the loss modulus curve

around 25 °C, which vary in size slightly depending on the layer height. The glass
transition temperature, determined from the peak of the tan ¢ curve, is 115.7 + 2.1 °C

averaged over all the matrix samples. This is lower than what has been reported for PM-

EMS828 in the literature, but the different printing technique and slightly lower
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methacrylate conversion may account for this difference [90]. While it is expected that
varying layer height will have an effect on properties on the micro- or nanoscale, these
results suggest that layer height has no impact on the macroscale thermomechanical

properties.
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Figure 14

DMA Thermograms for a) 100 um Edge, b) 200 um Edge, c) 300 um Edge, and d) 200 um Flat Matrix Samples

4000 . . . . 86— 300
a —
3500 T2
0.5 1250
< —
3000 5
= 0.4 +200 @
& 2500 =z
=} o
3 g
3 2000 0.3 +150 &
= 2
91500 g =
IS $0.2 1100 J
o [a] ~
{5 1000 <
F0.1 +50
500
0 L -5 0
0 50 100 150 200 250
Temperature (°C)
4000 . . . . 8-6—r 300
C —
3500 F T2
0.5 4250
< —
©'3000 &
= 0.4 4200 »
o 2500 =
= o
S g
S 2000 0.3 +150 =
= 2
91500 © Z
g $02 1100 2
o [a) =
¢ 1000 =
- ~0.1 +50
500
0 L S=al 0
0 50 100 150 200 250

Temperature (°C)

2500

1000

Storage Modulus (MPa)
= N
(o o
o o
o o

500 =7

Temperature (°C)

. : : . 86— 300
b —
L - =2
"® 0.5 +250
-
o
0
0.4 +200 @
E<
o
(o8
03 4150 £
%]
S0z J100
$0.2 +100
A &
c
©
~0.1 150
: ==l 0
0 50 100 150 200 250
Temperature (°C)
. : : . 86— 300
d —
L - -2
“® 0.5 +250
-
o
0
0.4 +200 @
<
o
Q.
0.3 +150 £
wn
$0.2 +100
a &
j
©
=0.1 450
——— 86— 0
0 50 100 150 200 250



Table 4

Summarized DMA Data for Matrix and Composites

Sample Name F'@ 25 °C (GPa) Peak of E” Peak of tan ¢
°C) O
100 um, edge 2.92+0.27 91.2+27 1140+ 35
200 um, edge 2.90 £ 0.05 924+0.7 116.3+£0.8
300 um, edge 2.92+0.15 96.7+1.38 1185+ 0.7
200 um, flat 2.85+0.07 89.3+0.5 1142+ 4.3
25% FL, flat 3.72+0.20 97.1+21 112.8+0.01
25% FL edge, 70s 3.61+£0.32 81.6+0.8 99.1+0.3
25% FL edge, 90s 290+0.39 945+0.8 106.1+1.28

All composites produced were tested in the same way as the matrix. DMA
thermograms of all composites tested are shown in Figure 15. Of note was fiber-matrix
debonding after the DMA test for the edge-printed samples. This is likely the reason for
the low (on par with the matrix alone) glassy storage modulus in the 200 gm w/ 25% FL,
edge, 90s samples. Representative samples after the DMA test are shown in Figure 16a-b.
The fiber-matrix debonding evident in the edge-printed samples is likely due to the very
small contact area between the fiber mats and the matrix. This may also be due to
mismatched thermal expansion during the test, as the DMA tests were run well past the
glass transition temperature into the rubbery plateau. A single Poisson’s ratio (0.35) was
used for all DMA tests run; this value was chosen because it is typically sufficient for

rigid thermosetting materials [108, 115]. However, introduction of fiber reinforcing
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material does change the Poisson’s ratio, and a review of the literature indicates that
woven glass fiber and epoxy composites have widely varying Poisson’s ratios depending
on orientation, fiber loading, and fiber identity [115-118]. Further work in this area is

needed to understand how fiber inclusions impact the Poisson’s ratio.
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Figure 15

DMA Thermograms for a) 25% FL Edge 70 s, b) 25% FL Edge 90 s, and c¢) 25% FL Flat
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Figure 16

Evidence of Fiber-Matrix Debonding in an Edge-Printed Sample

The composites exhibit several trends both relative to each other and relative to

the neat matrix. Generally, the edge-printed composites show a clear drop in Tg and a
small drop in the peak of £”compared to the neat matrix for all samples tested. A similar
drop in Ty relative to the neat matrix has been demonstrated before in epoxy-fiberglass
composites [115]. The height of the tan ¢ peak is also a measure of damping ability; all
composites show a lower height of the tan ¢ (ca. 0.4 in matrix vs. 0.3 in composites). This
trend is expected, as the composites are generally expected to be stiffer and therefore less
able to dissipate energy. Both the edge-printed composite samples and flat composite
samples exhibit a boost in glassy storage modulus, relative to the matrix, at room
temperature. The highest performance was achieved by the flat-printed sample for all
metrics evaluated. This is due to the orientation; as discussed before, there was fiber-

matrix debonding evident in all edge-printed composites after the test, and none was

67



visible for flat-printed samples. The loss of stiffness because of the debonding is likely
why the Tq values are lower for edge-printed samples but approaching that of the matrix
for flat-printed samples. The flat-printed composite achieved the highest peak of the loss
modulus of any samples tested which suggests that the reinforcing fibers help the
polymer maintain some stiffness, even as it goes through the glass transition. It is
therefore critically important to consider part orientation to maximize surface contact

between the matrix and fiber mats when printing fiber-reinforced composites.
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Chapter 5

Conclusions and Future Work
5.1 Conclusions

The goal of this work was to produce a fully automated digital light projection
VPP printer that places fiber reinforcements in-situ and evaluate the printability of
fiberglass-reinforced composites in general. Two design iterations of the printer were
produced, and the most recent version was designed for a commercial, woven fiberglass
material. A basic test of this system has been carried out, and the fiber handling,
optical/display, and resin vat/build platform systems have been shown to function as
expected.

The feasibility of printing composites on this printer was also demonstrated by
hand-placing mats and otherwise using the printer as designed. It was found that the same
exposure time could be used for both the matrix and composites, suggesting that the light
source is not attenuated by the particular fiber mats used. This is a potential advantage
over laser-based stereolithography or other monochromatic printing techniques, where
sizing on the fibers or the fibers themselves may absorb at the emission wavelength. This
may happen in the custom printer as well, since there is a broad range of emission
wavelengths, and it is likely that there is some overlap of absorption from either the fibers
or sizing. However, the broad-spectrum light utilized in the custom printer is more
flexible than a monochromatic light, since any small absorption by the fiber
reinforcements is unlikely to span the entire emission range of the bulb, and there is
sufficient light remaining to initiate the free-radical polymerization reaction. It was also

demonstrated that a relatively high-viscosity resin for a printer without a resin deposition
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system (1172 cP at 25 °C) [90] is printable on the custom printer. Furthermore, the
viscosity was sufficiently low that good fiber wet-out and minimal voids were achieved.
In flat-printed composites, the adhesion between the fibers and resin system were
sufficient to withstand a DMA test without debonding.

The matrix and composites printed on the custom printer showed relatively good
agreement with the thermomechanical properties reported in the literature [90]. The Tq
was found to be approx. 115 °C for the matrix itself, which is lower than that reported in
the literature by about 23 °C. The peak of the loss modulus is also slightly lower than
what has been previously reported (approx. 90-95 °C vs 103 °C). Further work is needed
to determine if these two differences are a function of the different printing method (DLP
vs. SLA) or some other factor. It is possible that the lower AM step methacrylate
conversion achieved in the DLP printer causes a slightly different network to be formed,;
as has been demonstrated, lower initial methacrylate conversion leads to higher amine
conversion in the fully postcured part. It is therefore possible that the network formed by
the two printing methods is different and would exhibit different thermal properties.
However, the glassy storage modulus (£”at 25 °C) of 2.9 GPa does not show a
statistically significant difference than what has been previously reported (3.1 GPa). Any
network differences between the two printing methods evidently only impact the glass
transition into the rubbery region, and do not have a substantial impact on glassy

properties.
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5.2 Future Work
5.2.1 Custom Printer

This work has produced a functional printer prototype. However, there is plenty
of room for improvement to the design. To further improve on the printer itself, several
changes are recommended that would greatly improve the utility and ease of use of the
printer. First, the addition of an on-board laser cutter is suggested. This laser cutter could
use the same sliced images as the projector in order to cut out the cross-section for each
layer. This would result in less trimming needed on the finished part, as well as more
efficient use of fiber tapes. In the current design, the square cut-outs must have a large
distance between them, so that the tape is structurally able to withstand being pulled
through the system. If cut-outs are placed too close together, the tape is prone to
buckling, stretching, and warping. A laser cutter would allow for cutting just before the
mat must be lowered into the vat, and the tape would maintain its strength in the velocity
motor region. In conjunction with the laser cutter, an optical sensor would be
advantageous to aid in precise placement of the cut-outs. Currently, the design is reliant
on accurate dispensing from the velocity motor. While stepper motors are quite accurate,
there is no accommodation for variations in the tape, such as uneven tension in the wound
tape or fiber stretching. Over the course of a print, any variation due to uneven tension
would be propagated through, and it is possible that alignment would deviate
unacceptably from the original placement. An optical sensor in conjunction with
appropriate placement of markers in the tape would ensure accurate positioning.

Another practical adjustment is to replace the build platform with a larger plate so
that more parts can be printed at once. The existing build platform was designed to fit
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with the smaller fiber frames in Prototype 1, but the current design does not use these
frames and therefore the width and length are not as tightly constrained. A larger build
platform would also provide flexibility in the size and orientation of parts printed. As
described in Chapter 4, the orientation of the part relative to the fiber tape is critically
important to maintain dimensional accuracy and limit fiber-matrix debonding. A larger
platform would allow the user more space to orient the parts appropriately.

Finally, using a custom-built graphical user interface and slicer program would
provide more flexibility in the control of the printer and make it more adaptable to a
research environment. Currently, the printer cannot take gcode generated in another
program and run it. This prevents users from writing their own gcode, and means that
they are limited to the tools in the nanoDLP program. Normal usage of Prototype 2 does
not require custom gcode. However, if the laser cutter system were implemented, it is
unlikely that nanoDLP can handle the controls for this system. A custom system would
therefore be needed to generate the toolpaths and add synchronized laser control. This
system could be either a custom-written program from scratch or a modified version of
nanoDLP. NanoDLP does allow for modifications to the source code, and so the interface
could be customized without the need to start from scratch. Recommended modifications
include adding an emergency stop button to interrupt any commands on the stack and
stop all motion immediately. The built-in stop code is executed in the stack, and so any
commands that have been previously sent must be completed before the stop command.
Furthermore, a control panel that allows all tools to be jogged (moved in small
increments) would significantly streamline the testing process and make the printer more
user-friendly. Jog commands, or any other gcode commands, are executable via writing
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and sending the appropriate code in the gcode terminal. However, this is not user-friendly
for users who do not have coding experience and is unwieldy in a design and testing
environment.
5.2.2 Printing and Characterizing Composites

The work described in Chapters 3 and 4 serves as a proof-of-concept for printing
composites on the custom printer. There is plenty to explore further in the fabrication
method, fiber feedstocks, and characterization methods. It was shown that fiber-matrix
adhesion was sufficiently high to withstand a DMA test in flat-printed samples.

A full test print utilizing the custom printer is suggested in tandem with a set of
100% FL prints (fibers placed in every layer) fabricated by hand-placing the mats. This
would provide a direct comparison between fiber placement methods. It is likely that
there will be increased void fraction evident in automated composites since there is no
ability to smooth out the mats by hand. However, the samples fabricated with automated
fiber placement are likely to have better and more consistent fiber alignment. The mats
are kept under high tension in the automated tape system, so the mats have little room to
shift or otherwise be misaligned. In this study, layer height could be varied to determine
the effect of high fiber loading on the resulting properties. In particular, testing both layer
heights approximately equal to the fiber mat thickness and layer heights much more than
the fiber mat thickness would provide insight on the effect of resin-rich regions within the
printed part. Resin-rich regions have been shown previously to have a significant effect
on interlaminar toughness [74]. While Prototype 2 is designed to place mats on every

layer, resin-rich regions are possible by varying the layer height.
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It is recommended to fabricate composites utilizing one or more other resin
systems to determine if there is an effect of resin viscosity or chemistry on the resulting
properties. The sequential IPN resin in this study may exhibit better interlayer adhesion
than single-cure resins due to its sequential nature. While the methacrylate conversion
likely forms a gradient through the part due to the AM process, the epoxy-amine system
is expected to be homogenous throughout the part, since it is cured all at once. It is
expected that this would promote interlayer bonding. Similarly, it is recommended that
several fiber feedstocks be tested. Of particular interest for this project are PEKK or
carbon fiber reinforcements due to their very high thermal properties and, in the case of
carbon fiber, lightweighting potential. These fiber feedstocks may introduce difficulties
curing the resin on the top side of the mats if the areal density is too high, or the material
is not optically transparent enough. This would result in a steep conversion profile across
a layer or, in the extreme case, no curing at all on the top side. Insufficient curing may
preclude these fiber feedstocks from being used in this technique. However, a steep
conversion profile may be acceptable, if the conversion is high enough that the part can
hold its shape through postcuring. Addition of a high-temperature (well above room
temperature) free-radical thermal initiator to the resin formulation may further mitigate
these concerns.

Additional characterization of the fabricated composites is necessary to
understand the mechanical properties as well as the failure mechanisms. Tensile testing is
recommended as an initial screening. Tensile testing uses a similar amount of material as
DMA when ASTM D638 Type V specimens are used, so it is appropriate as a screening
technique [119]. If the larger build platform suggested in this section is implemented,
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Type IV specimens could also be used. Tensile strength, Young’s modulus, and strain at
break are recommended metrics. In conjunction with tensile testing, scanning electron
microscopy (SEM) to visualize the fracture surface would be advantageous. SEM would
provide insight on whether failure starts with fiber-matrix debonding, matrix failure, etc.
Fiber pull-out or breakage should also be evaluated. Furthermore, the morphology of
printed layers could be examined, and positioning of the fiber mat relative to the layer
could be determined. Comparisons between fiber mats placed by hand and mats placed
by the custom printer may guide further changes to the custom printer.

Beyond tensile testing, some advanced characterization techniques would yield
further depth of understanding about material properties and performance. In this work,
an overall conversion was determined for both methacrylate and amine functional groups.
This was a bulk measurement; however, spatially resolved FTIR would provide
additional insight regarding conversion within a layer. This would be of interest both for
the matrix layer height study as well as for composites, especially on the top side of a
fiber mat. This would be particularly relevant for non-transparent reinforcements like
carbon fiber or PEKK as mentioned previously. This work could also confirm whether
the epoxy-amine extent of cure is uniform throughout, as hypothesized, or if a gradient is
apparent. A gradient in the epoxy-amine cure is possible because the two networks are
covalently linked via EM828.

Finally, to understand mechanical properties at the nanoscale, atomic force
microscopy (AFM) is suggested. AFM can measure both force and topology. If AFM is
employed to examine a fractured surface, spatially resolved Young’s modulus could be
measured within a layer and around the fiber reinforcement. This would provide
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additional insight into how the fiber mats interact with the resin, as well as how the dual-
cure IPN resin may differ from single-cure resins. Recent work has explored mechanical
properties of VPP parts at the nanoscale [60, 120, 121]; however, existing work has not
made use of a dual-cure IPN resin system, and there may be mechanical property

differences as a result of the dual cure.
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Appendix A

FTIR Spectra

Figure Al

Exemplar FTIR Spectra for 100 um Edge Matrix Samples
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Figure A2

Exemplar FTIR Spectra for 200 um Edge Matrix Samples
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Figure A3

Exemplar FTIR Spectra for 300 um Edge Matrix Samples
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Figure A4

Exemplar FTIR Spectra for 200 um Flat Matrix Samples
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Figure A5

Exemplar FTIR Spectra for 25% FL, 200 um, Edge, 70 s Samples
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Figure A6

Exemplar FTIR Spectra for 25% FL, 200 um, Edge, 90 s Samples
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Figure A7

Exemplar FTIR Spectra for 25% FL, 200 um, Flat, 70 s Samples
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Appendix B

Printer Components
Table B1

Printer Prototype 2 Components

Component Manufacturer
4040 Aluminum Extrusion, 25” x8 80/20 Inc.
4040 Aluminum Extrusion, 30" x4 80/20 Inc.
BenQ HT2550 Projector BenQ
Megatronics V3.0 Microcontroller Board RepRap
Raspberry Pi 3B+ Raspberry Pi
LTROP 24V 15A DC Power supply, 360W Switching Power LTROP
Supply Transformer

DRV8825 Stepper Motor Driver Carrier, High Current, x3 Polulu

2TK3GN-AW2U Torque Motor

2GN3SA Gearhead Parallel Shaft 3:1

PAVR-20KZ External Speed Potentiometer

TMP-1 Power Controller for Torque Motors
PKP244D15A2 1.65 in. 2-Phase Bipolar Stepper Motor

Torque-Limiting Coupling for 1/4" Diameter Round Shaft, 16 in.-
Ibs. @ 50 rpm

3/4" Diameter Conveyor Roller, Steel, for 10-3/8" Between Frame
Width x8

Rotating/Tilting Ball-Grip Positioning Arm

Corner Machine Bracket with 4 Mounting Slots, 316 Stainless
Steel, 100 mm x 60 mm x 75 mm, x8

95

Oriental Motor
Oriental Motor
Oriental Motor
Oriental Motor
Oriental Motor

McMaster-Carr

McMaster-Carr

McMaster-Carr

McMaster-Carr



Component

Manufacturer

Mirror Front Plane — 3x5 in

Moai FEP Film Vat

Moai Servo Motor (tilt motor)
Moai Z-Axis

Moai Resin Vat Platform

Moai Build Platform, Attachment Bracket
Build Platform Base and Standoffs
Spool Holder Bracket

Spool Holder Spool Insert x2
Torque Motor Bearing Bracket
Bearing Holder x19

Velocity Motor Bearing Bracket

Velocity Motor Bracket

VWR
Peopoly
Peopoly
Peopoly
Peopoly
Peopoly
custom
custom
custom
custom
custom
custom

custom
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