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Abstract

Additive manufacturing (AM) keeps attracting attention in both academics and industries.

To meet the requirements for more applications, it is always desirable to develop new materials or
optimize existing materials for different AM technologies.
This dissertation mainly focuses on how organic synthesis is utilized as a powerful tool to
develop novel materials for different AM techniques. Photo-based printing of inorganic glass and
fused filament fabrication (FFF) of thermoreversible thermosets are the subjects of this work. In
the first part of chapter 1, the background of AM of glass is introduced, including different types
of manufacturing methods and the different types of materials paired with each manufacturing
technique. The second part of chapter 1 briefly introduces the Diels-Alder (DA)-based materials
and how the DA-based systems were used for AM.
Chapters 2 and 3 focus on describing how to fabricate inorganic silica glass micro-optics
with liquid silica resin (LSR) and the photo-based AM technique. It introduces how the LSR was
synthesized using sol-gel chemistry and how it was optimized for fabricating different optical
elements. The properties of LSR, including curing performance, printing behavior, optical
properties before/after thermal treatment, etc. were studied. Micro-optics and optical systems were
fabricated and their performance was evaluated.
Chapter 4 shows how a Diels-Alder reversible thermoset nanocomposite (DARTN) was
prepared based on a furan-maleimide system, and how to use a commercial fused filament
fabrication (FFF) printer to 3D print this DARTN. In this chapter, we demonstrated that the
isotropic mechanical properties after printing can be achieved and the high loading of fillers can
be mixed into this material without additional solvent. It also discussed how the mechanical
properties of this material can be tuned by either adjusting the molecular weight of building blocks
17

used in the material or by changing the filler loading. Furthermore, we also observed a post-curing
behavior of DARTN and proposed the possible mechanism of the post-curing behavior.
Lastly, chapter 5 discussed some work that can be done in the future. It includes both the
perspective of the glass printing and the perspective of DA-based reversible thermoset for FFF.

18

Chapter 1 Introduction
1.1 Introduction
Additive manufacturing (AM) has been developed for decades and has attracted more and
more attention in recent years. Compared to most conventional manufacturing methods, AM is
famous for its ability to build customized complex structures from several meters to hundreds of
nanometers, or even smaller in size.1-4 For many products, especially for customized parts or
prototypes, AM usually offers lower cost, higher efficiency, and reduced waste. As such, AM is
playing an increasingly important role in daily life, and the global market for AM is growing
rapidly.5
Elastomeric polymers, thermoplastics, thermosets, metals, and ceramics have all been 3D
printed, not only in the research lab but also in the commercial market. However, there are also
some types of materials that require more development before they can be 3D printed at the higher
quality expected with current commercial 3D printers. When developing AM technology for
materials that have not been printed before, one route is to develop the materials themselves to
make them printable. While there are many “physical” ways to optimize the printability of
materials, it is also very common for chemists and material scientists to use a wide variety of tools
to chemically functionalize or modify, or sometimes create new compounds and materials, to
expand the realm of AM.
The goal of Chapter 1 is to summarize the progress of new materials and printing
technologies for advanced glass manufacturing to provide perspective for the work described in
Chapters 2 and 3. In section 1.3, the Diels-Alder (DA)-based reversible materials for AM are
introduced. Here the strategies that can be used to prepare materials with reversible chemical bonds
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are reviewed with a greater emphasis on the maleimide-furan systems. This includes a survey of
AM methods utilizing DA materials.

1.2 Additive manufacturing of glass with different types of materials
Fabrication of glass objects has almost universally begun with molding to provide a rough
form to molten glass. For optics, molding does not provide sufficient control over the shape, so
subtractive manufacturing processes, such as grinding, polishing, or even chemical etching are
required to reach the desired surface smoothness and topography. While these conventional
methods work well in the fabrication of large glass objects, it is difficult, sometimes impossible,
to use these conventional methods to fabricate micro-objects, especially for those with complex
structures. On the other hand, additive manufacturing (AM) is well-known for its utility in building
complex structures. Although AM techniques have been developing over the last 45 years,6 most
of the applications are still limited to thermoplastics, thermosets, metal materials, or ceramics, but
not transparent glass. This is mainly due to the stricter processing conditions for transparent glass.
For example, to use filament fused fabrication (FFF) to print plastic, the temperature of the printing
nozzle only needs to be heated higher than the melting point of the polymers, usually below 300 °C.
Some engineering plastics, like polyether ether ketone (PEEK), may require a higher printing
temperature. But polymer liquefaction is still usually below 500 °C. On the contrary, for most glass
materials, the liquefaction temperature is usually higher than 700 °C. In recent years, selective
laser

sintering,7-11

fused

filament

fabrication,12-14

photo-based

printing

techniques

(stereolithography, digital light projection, direct laser writing),1, 15-18 and direct ink writing19, 20
have all been used to print glass. Some of these printing techniques suffer from low printing

20

resolution and others from high shrinkage after printing. A summary of each technique’s feature
is listed below in table 1.1, followed by a more detailed discussion about each printing technique.
Table 1.1 A summary of different printing materials and techniques that have been reported for
glass 3D printing1, 7-22

1.2.1 Laser sintering of particles to form condensed glass
Sintering of glass powder to manufacture glass has a relatively long history since the
1940s.23 Rather than heating the bulk glass to the melting point, the sintering of glass particles
requires a slightly lower temperature since the sintering process does not require completely
melting the glass to be in flowable status.23-25 Laser sintering of particles is usually called selective
laser sintering (SLS). SLS is now a well-studied method that has been widely used in industries to
fabricate metal objects using metal powder.26, 27 To date SLS has been used to print mixed metal
21

oxide glasses, such as those containing Al2O3, CaO, Na2O, P2O5, B2O3, etc,8, 28 that usually have
much lower sintering temperature (500-1000 °C) than pure silica glass (usually >1000 °C).
However, one shared feature of SLS printed glass and glass-ceramics is opacity.29 Furthermore,
the surface of SLS printed glass is rougher than that of objects fabricated by molding methods.7
The cause of opacity is due to the incomplete sintering of particles due to the short heating time in
the laser beam. In SEM images of laser-sintered glass-ceramic parts, it is very common to see gaps
or holes between the sintered layers or particles (Fig. 1.1), which increases the surface roughness
and lowers the transparency of final parts. Transparency can be improved by either adjusting the
laser power, tuning scanning speed, or developing an optimized printing method.9-11 However, so
far, there is no literature reporting the fabrication of pure silica glass with complex structure, good
transparency, and smooth surface using the SLS technique.

Figure 1.1 (a) Images of scaffolds sintered with different glass-ceramics. (b) SEM images of
the cross-section of sintered scaffolds All figures were transferred from “Operating limits
for beam melting of glass materials”29.
1.2.2 Printing of molten glass
The most straightforward approach to 3D printing glass would be to directly melt the glass
in concert with printing the structure. As mentioned previously, selective laser sintering of glass
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powder affords unacceptably opaque structures due to incomplete sintering and densification of
glass particles.10 The high liquefaction temperature of most inorganic glasses that hampers SLS
printing also challenges extrusion methods. For example, soda-lime glass would have to have an
extruder of at least 1000 °C in order to liquefy the material. Silica glass melts around 1700 °C and
borosilicate glass liquefies at 1650 °C. In 2015, a soda-lime glass was printed using an extrusionbased printer by Klein 12. Silica glass powder was melted in a crucible kiln and the resulting viscous
liquid from printed through a nozzle heated to a temperature higher than 1000 °C. In general, the
printing process is similar to conventional FFF printing (Fig 1.2) but with a much higher
temperature. To prevent cracking due to temperature gradients, the glass was printed directly in an
annealing oven kept hotter than the glass transition temperature. A novel method combining SLS
and filament extrusion used a laser to liquefy a glass filament.13 By properly controlling the laser
power and feed rate as well as the movement of the substrate, the transparent glass structures were
printed.

Figure 1.2 Diagrams of (a) FFF printer, and (b) powder-based extrusion printer equipped
with a single screw.
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However, both molten glass extrusion and laser-filament printing methods exhibit visibly
corrugated surfaces. The viscosity of molten glasses is typically above 10-100 Pa-s, four-five
orders of magnitude more viscous than water. Due to this high viscosity, nozzles for extruding
molten glass need to be relatively wide. While nozzles for FFF of plastics have diameters between
0.2 to 0.8 mm, the nozzle for glass extrusion printing has a diameter of several millimeters.12
Although the printing layer width is also influenced by the feed rates together with the movement
speed, there is no doubt that the overall printing resolution is much lower than the resolution of
FFF of plastics. The resolution of FFF printing of plastics is generally too low for most of the
applications that require precision.30 The dilemma is the same for the laser-based printing of glass
filaments, where the printing resolution is mainly determined by the filament diameter, feed rate,
and movement speed. Therefore, for high precision applications, a much higher printing resolution
is required.
1.2.3 FFF printing of nanocomposite
Since direct printing of glass with molten glass requires extreme conditions, it would be
valuable if the printing can be done under conventional (mild) conditions with the conversion of
the printed part to real inorganic glass by thermal treatment after printing. One low-temperature
approach to making glass is to print a suspension of silica particles in an organic binder, pyrolyze
to eliminate the organics, and sinter to silica glass. This is the approach Mader et al. reported with
up to 60wt% silica particles in a thermoplastic nanocomposite with poly(ethylene glycol) and
polyvinylbutyral.14 Fumed silica powder was mixed with polymeric binders in solvent. After
drying the nanocomposite was extruded and printed at 130 °C through either a filament-based FFF
printer or an extrusion printer equipped with a single screw (Fig 1.3). The water-soluble PEG was
extracted before thermally burning out the PVB and sintering to transparent glass objects. While
it can print glass at much lower temperatures and higher resolution compared to direct printing
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with molten glass, this FFF printing technique is still limited to resolutions of 100-200 µm. Stairlike layer structures can be easily observed after all processing (Fig. 1.4), which is a common
phenomenon that can be observed in most of the FFF printings if no post-treatment is applied.31 It
also requires solvent processing and exhibits significant shrinkage during curing making it
impractical for printing micro-optics.

Figure 1.3 (a) Scheme of a printer equipped with a single screw to print glass/polymer
composite. (b) The objects with different shapes right after printing. (c) The objects from the
figure (b) after the thermal treatment at 1300 °C. All figures were transferred from “MeltExtrusion-Based Additive Manufacturing of Transparent Fused Silica Glass”14.

Figure 1.4 FFF printed glass objects after thermal treatment. The stage-like layer structures
can be clearly observed in either green parts (Fig f&g) or glass parts (Fig a, c, d, and h). All
figures were transferred from “Melt-Extrusion-Based Additive Manufacturing of Transparent
Fused Silica Glass”14
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1.2.4 Photo-based printing of silica nanocomposite
Photo-based printing techniques are usually employed when high printing resolution is
required. The most common photo-based techniques are stereolithography (SLA) and Digital Light
Projection (DLP) which use light to cure polymers of a solvent-free pool of liquid monomers or
oligomers (Fig. 1.5). Thin layer thickness (<=50 μm) can be reached with either SLA or DLP.
SLA and DLP generally operate by free radical polymerizations of vinyl monomers and
crosslinkers or occasionally ring-opening ionic polymerization of strained cyclic monomers and
crosslinkers.32 Free radical polymerization and ionic polymerization are chain growth reactions
that connect monomers or oligomers together to form polymers. For photo-based 3D printings,
crosslinkers are usually needed to form polymer networks so that the cured part can form a solid
in the pool of liquid monomers. A photoinitiator is added to the mixture to allow
photopolymerization in the programmed pattern.

Figure 1.5 Diagram of (a) SLA printer and (b) DLP printer. Figure source: “3D Printing of
Hydrogels for Stretchable Ionotronic Devices”33
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In 3D printing of glass, the glass particle or a molecular precursor must be incorporated
into the solid print. One approach is to prepare a dispersion of glass particles in liquid organic
monomer and crosslinker that will photopolymerize to afford a nanocomposite solid with the
inorganic component homogeneously distributed. To form a glass, the cured organic resin must be
pyrolyzed/oxidize leaving a continuous, porous network of the inorganic material behind. Higher
temperature sintering collapses the porosity to afford the dense glass. The more organic resin used
in the nanocomposite, the greater the shrinkage during thermolysis and sintering. Shrinkage in
systems using dispersed silica in organic resins ranges from 20 - 50% making accurate prediction
of the print ultimate dimensions more difficult and leading to potential deformation and stressinduced cracking of the structure.
A variety of nanocomposites-based materials, such as cellulose, carbon nanotubes,
graphene, etc., in a photopolymerizable liquid resin, have been used to tailor the resulting print
properties.34 The biggest difference between the dispersions suitable for printing glass and those
used to prepare filled thermosets is that the former requires a higher loading of silica or glass
powder. The first example of silica dispersed in photopolymerizable resin was SLA printing of
silica-monomer dispersion containing up to ~ 50 wt% of silica nanopowder.15 After printing and
thermal treatment, the printed glass has a much higher resolution compared to the one that was
fabricated through molten glass extrusion or FDM. SLA photo-printing method also allowed more
complex structures to be formed (Fig 1.6). The organic monomer and crosslinker used in this
pioneering approach to print glass were methacrylate monomers and crosslinkers that are
commonly used in commercial 3D resins.35 After printing, the as-printed parts were heated to
600 °C to remove the organic thermoset followed by sintering at 1300 °C under a vacuum to afford
transparent silica glass prints (Fig 1.6).
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Figure 1.6 (a) Processing scheme of 3D printing of glass with silica/monomer nanocomposite;
(b) & (c) Fabricated glass objects after thermal treatment; (d) Fabricated glass under high
temperature. The figures were transferred from “Three-dimensional printing of transparent
fused silica glass”15

As mentioned above, the photo-based printing techniques are not limited to conventional
SLA. Since 1970’s, two-photon polymerization (TPP) has been used to print high-resolution
polymeric structures from similar methacrylate monomer and crosslinker solutions .36 Due to the
non-linear absorption feature of TPP, the polymerization can only happen within the focal point
of the two-photon laser so that a much higher printing resolution (hundreds of nanometers to
several micrometers) can be reached. Such printing method has also been utilized in 3D printing
of glass with silica nanocomposite.16, 37 Micro-sized glass objects were successfully fabricated.
While the photo-based printing of nanocomposites leads to high printing resolution, the
formation of inorganic glass is still limited by the amount of silica particles that can be dispersed
in the fluid without raising the viscosity too much. While silica loading in nanocomposites can be
as high as ~70 wt%,38 the loading in photo-based printing is limited below 50wt%. As a result, the
overall linear shrinkage after sintering can reach ~30%.15,

16

Another potential risk is the

homogeneity of the nanocomposite. Since high filler loading is required, agglomeration of
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particles may happen, which may cause uneven shrinkage, cracks, or flaws during the debinding
and sintering process. Such effects can be minimized with surface modification of the silica with
sterically bulky macromolecules.39 Using this strategy Xiewen Wen et al achieved loadings of
60wt% silica nanoparticles surface functionalized by PEG.40 The modest gain in silica loading is
countered by the increased cost of preparing the filler.
1.2.5 Photo-based 3d printing of glass using molecular resin
One solution to solve some potential challenges of the nanocomposite printing material is
to use a homogenous printing resin rather than a liquid/solid mixture. That is, the liquid resin can
be used to print glass, and some of the deficiencies of the solid silica particle dispersions can be
avoided. David G. Moore et al. reported using a molecular phase-separating resin to print glass by
DLP.17 The resin is a mixture of poly(diethoxysiloxane) (PDEOS), photo-curable monomer, and
crosslinker. Meanwhile, triethyl phosphate (TEP) and trimethyl borate (TMB) were also added to
the mixture to tune the formula of the final glass. The major difference between this resin and
dispersed silica nanocomposites is that all of the chemicals used in the resin are liquids. Therefore,
the printing material is a homogenous liquid other than a liquid/solid mixture. In this case, the
printing of the resin led to phase spinodal separation with one phase being formed by PDEOS,
TEP, and TMB, and another being formed by polymerized monomers and crosslinkers. The
inorganic glass is generated by condensation of PDEOS as well as the oxidation of TMB and TEP,
while the organic polymer is removed by thermal treatment. Such a system guarantees that the
source of inorganic glass can be dispersed well in the whole resin and leads to a better result during
thermal treatment. After the sintering, the multicomponent transparent glass is obtained. However,
the overall loading of Si-O, which is the main structure of silica glass, is limited by the amount of
organic monomer modifiers and monomers needed to phase separate from PDEOS during photo-
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curing. This keeps the loading of Si-O structure lower than in other nanocomposites and results in
linear shrinkage of 60% after all fabrication steps.
Another liquid system for DLP printing glass was based on a sol-gel-based "ink" prepared
by sol-gel chemistry.18 In this system the silica colloid was generated by acid-catalyzed hydrolysis
and condensation of tetraethoxysilane and acryloxypropyltrimethoysilane ethanol-water solutions
(Fig 1.7). The resulting colloidal sol is 46wt% solvent so has viscosity low enough for all
commercial photo printers. However, the paper doesn't provide very concise experimental
descriptions, but enough information was provided to believe that the inks are not stable and likely
have poor shelf lives. The stoichiometry of TEOS to water in this system is around 1:3 and the
TEOS concentration is over 2M. This is more than enough water to ensure gelation and TEOS
will gel at concentrations over 2 M. Since it is impossible to fully stop the condensation that will
cause gel eventually, the printing of this sol-gel solution was performed with an ice bath to lower
the gelation speed, which is a restriction. After printing, removal of the trapped solvent will lead
to a xerogel product, and the fused silica can be obtained by thermally treating the xerogel at the
temperature of 1100 °C. Since the printing material contains a large number of solvents that do not
contribute to the final glass, the high shrinkage after all processes is another limitation of this
material.
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Figure 1.7 (a) The reaction scheme of synthesis of curable sol for glass printing through solgel process; (b) Images of different stages during fabrication of glass starting with the sol
ink (Figure transferred from “Additive Manufacturing of Transparent Silica Glass from
Solutions”18
Another advantage of sol-gel chemistry is homogeneous mixtures of metal oxides in silicon
dioxide can be prepared without phase separation observed with higher temperature proceeses.41,
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Tin alkoxide, germanium alkoxide, zirconium alkoxide, and titanium alkoxide are some of the

most frequently used metal alkoxides that are used with silicon alkoxide to produce multicomponent glass. With proper processing, a homogenous network can be formed with both Si-O
bonds as well as M-O bonds. As a result, the properties, such as the refractive index, of the glass
can be easily tuned. Such material has also been utilized to fabricate glass-ceramic objects with
AM technique. It is reported that zirconium n-propoxide was used together with
methacryloxypropyltrimethoxysilane to prepare a sol solution that was polymerized through TPP.1
Glass or ceramics containing ZrO2 can be obtained by thermally treating the printed
organic/inorganic hybrid material between 1000 °C and 1500 °C (Fig 1.8).
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Figure 1.8 Scheme of generating of silica glass containing ZrO2 through a sol-gel process
and post-thermal treatment. The figure was regenerated from “Additive-manufacturing of 3D
glass-ceramics down to nanoscale resolution”1

1.2.6 Direct ink writing printing of nanocomposites
Direct ink writing (DIW) is an AM technique that usually utilizes shear-thinning material
to perform extrusion printing. The printed part can be solidified through different mechanisms
(e.g. solvent evaporation, thermal or UV curing, gelation, etc.) (Fig 1.9).43 It has been reported that
DIW has been utilized to print inorganic glass as well. Generally, most glass printing finished by
DIW uses a mixture that contains the liquid part as the binder and the solid part as the source of
glass. There are mainly two types of solid parts that have been used to prepare the in for DIW of
glass. One is the fumed silica. Just like the nanocomposite that is used for SLA printing of glass,
the fumed silica can be mixed with a proper binder to form the shear-thinning ink for DIW. Du T.
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Nguyen et al. mixed nano-sized fumed silica with polydimethylsiloxane (PDMS) as the DIW for
glass printing.19 When the printing was finished, the shape can be maintained due to the high
viscosity without shearing, and the fumed silica glass can be obtained with a post thermal treatment.

Figure 1.9 Scheme of a typical direct ink writing printer. Image source: “Direct Ink Writing
Technology (3D Printing) of Graphene-Based Ceramic Nanocomposites : A Review”44

Sol-gel chemistry has also been used to prepare the printing inks for DIW of glass with
multi-components. Joel F. Destino et al. reported using tetraethoxysilane and titanium
tetraisopropoxide to prepare the feedstocks for DIW through the sol-gel process.20 The prints were
converted to transparent glass after treatment at 1150 °C. The ratio of titanium tetraisopropoxide
can be easily adjusted during the preparation so that the ratio of TiO2 in the final feedstock is
controlled, allowing for different refractive indices in the final glasses. Similarly, the germanium
oxide can also be introduced into the final glass and by changing the flow rates of two feedstocks
during printing (one feedstock with germanium oxide, one feed stock without germanium oxide),
the glass objects with gradient refractive index can be fabricated.45 These DIW inks and fabrication
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methods provide the technology to fabricate optics with flat surfaces but functioning as a
conventional lens.
Despite all these unique advantages, the DIW printing of glass also suffers from some
shortcomings. One is still the high shrinkage for solvent and organic constituents. Since the ink
for printing must have proper rheology, the maximum loading of the solid part is limited no matter
if the solid part is fumed silica particles or is from the sol-gel process. Another big limitation is
that the DIW cannot provide a high resolution which is necessary for most optical and other highprecision applications.
1.2.7 Summary
In summary, inorganic glass has been 3D printed by different AM techniques. The printing
of molten glass probably has the lowest shrinkage but has poor resolution and cannot print optics.
It also requires a special printer to reach extremely high printing temperatures. Silica/polymer
nanocomposites can be printed with FFF based printer at lower temperatures, but also suffer from
poor resolution and surface roughness. Photo-based printing of nanocomposites, especially the
TPP-based printing, can reach a much higher resolution, but has relatively high shrinkage after
thermal treatment due to solvent and organic constituents and may have difficulty reaching
homogenous mixing of silica powder when the loading is high. The printing of molecular-level
materials does not need to worry about the mixing problem and opens the possibility to print multicomponents glass, but the high loading of organic volume (volume caused by structure other than
Si-O structure) still causes high shrinkage.
To solve the problems mentioned above, chapters 2 and chapter 3 discuss how to synthesize
a molecular resin based on sol-gel chemistry, so no solid filler is needed. To reach low shrinkage,
the strategies that help minimize the organic volume are discussed. Therefore, a new type of sol34

gel-based liquid silica resin (LSR) is developed. It shows how the properties of this new type of
printing resin can finally lead to high-quality glass complex optics that have the potential for real
applications.

1.3 FFF printing with Diels-Alder reaction
1.3.1 DA chemistry
Diels-Alder reaction is perhaps one of the most well-known thermal reversible reactions.
Usually, Diels-Alder (DA) reaction refers to a [4+2] cycloaddition reaction which is finished by a
diene and dienophile. For a specific given diene and dienophile, the cycloaddition happens at a
lower temperature, and at higher temperatures, the retro-Diels-Alder (rDA) can happen that makes
the process thermally reversible (Fig 1.10). While the DA and rDA reaction has been widely used
in advanced organic synthesis, they are also well-known in polymer synthesis and material
preparation.46-49 There are many literatures that describe using DA “click” reactions to synthesize
homopolymers, block-copolymers, or polymers with well-designed side chains. The “click”
feature of DA reaction makes it suitable to build polymers with complex architectures. Different
dienes and dienophiles result in different DA and rDA temperatures. One of the most widely-used
DA systems for the reworkable or mendable system is the furan/maleimide system since it
undergoes cycloaddition between room temperature to 70 °C and rDA 90 — 140 °C.50 It should
be noted that although the DA and rDA reactions will not cause loss of the furan and maleimide,
a number of side reactions are possible, especially at temperatures > 150 °C, that can consume the
furan or maleimide, and finally, make the polymer irreversible or degrade.50, 51
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Figure 1.10 A general reaction scheme for DA reaction and some typical dienes and
dienophiles that can be used for DA reaction.

1.3.2 Some limitations of current FFF
FFF is probably the most widely used AM technique due to the relatively low cost and
almost no requirement of post-processing after printing. Conventionally, the FFF technique can
only print thermoplastics through a melting process. Due to the nature of thermoplastics, one of
the biggest disadvantages of FFF is that the anisotropy in parts printed by FFF is much higher than
in parts printed by photo-based printing techniques or parts fabricated with conventional methods,
such as molding.52 For thermoplastics, the intermolecular forces and the entanglements of the
polymer chains play an important role determining the mechanical strength of the material. When
printed by FFF, the layer-by-layer feature and the high viscosity of polymers make the merge of
two printed layers not ideal. Moreover, air bubbles or air gaps may also be introduced between
two printed layers. As a result, not only the intermolecular forces between two layers are limited,
but also the number of chain entanglements between two layers is reduced. Therefore, the
mechanical properties between layers are much weaker than those within one layer of printed
material and make the mechanical properties anisotropic in printed parts.
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Another limitation of the current FFF printing material is the loading of fillers. Different
fillers, such as glass fibers, carbon nanotubes, ceramic powders, or metal powders, have been
mixed with conventional polymer as binders to prepare composite filament for FFF to fabricate
parts with better mechanical properties or special appearance.53 However, the filler loading is
usually limited due to the high viscosity of polymer melts. Some researchers have mixed high
loading (30-50 wt%) of fillers with the assistance of organic solvents or twin-screw extruders,54
which require additional chemical (solvents), the extra processing steps, or expensive equipment.
It is also not easy to remove all of the organic solvents, which may act as a plasticizer and influence
the final mechanical properties of printed parts.

1.3.3 Diels-Alder chemistry in FFF
The good reversibility of the furan/maleimide system has been utilized to fabricate
polymers with amendable or self-healing properties. In recent years, such systems have been
applied to FFF printings to overcome the anisotropy feature of parts printed by FFF. The first
solution for applying a DA reworkable system into FFF printing is to mix a thermal reversible
furan/maleimide DA polymer with normal PLA to fabricate filament (Fig 1.11a).55 At a
temperature higher than 100 °C, the DA polymer will depolymerize into small pieces through rDA
process, which can be bonded together once after printing. This feature makes the DA polymer
work as a reversible “glue” between the PLA molecules so that the interlayer interaction after
printing can be improved. Moreover, the small molecules generated through rDA process
significantly decrease the viscosity of the material right after flowing out of the nozzle so that the
air gap between each layer is much smaller than previous results printed by pure PLA, which also
contributes to higher isotropy of the printed parts. However, since the DA polymer is not
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chemically bonded to the PLA, the isotropy of printed parts is not completely reached. For pure
PLA printed parts, the mechanical strength in the vertical direction is only around 30% of the
strength in the horizontal direction. When 25% of DA polymer is mixed with PLA, the mechanical
strength in the vertical direction is around 65% of the strength in the horizontal direction. To
further improve the isotropy of parts printed by FFF, one way is to print 100% DA polymers. By
using a maleimide functionalized polymer together with a tri-furan functionalized crosslinker,
Kejia et al. reported a Diels-Alder reversible thermoset (DART) that can be used for modified FFF
(Fig. 1.11b). The printed parts exhibit less than 4% toughness reduction when deformed along the
build direction.56 However, since all the components used to synthesize DART are liquid at room
temperature, the DART material shows low viscosity during rDA process, which significantly
lowers the printing resolution. Also, the reported DART material cannot be extruded into
conventional filament for commercially available FFF printers, which limits its applications.
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Figure 1.11 (a) Scheme of preparation and printing of DA/PLA blends through FFF (regenerate from “Design Paradigm Utilizing Reversible Diels–Alder Reactions to Enhance the
Mechanical Properties of 3D Printed Materials”55); (b) Scheme of preparation and printing
of DART (re-generate from “Diels–Alder Reversible Thermoset 3D Printing: Isotropic
Thermoset Polymers via Fused Filament Fabrication”56).
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1.3.4 Summary
In summary, the thermal reversible DA material is a good candidate for developing a
thermally reversible thermoset that can be used for FFF, which has the potential to make FFF
printing reach higher isotropy. The PLA/DA polymer blend improves the isotropy but still remains
space for further improvement. The pure DART polymer makes the printed part almost fully
isotropic after printing but sacrifices printing resolution and requires a special printer.
To better utilize DA polymers in FFF, a Diels-Alder reversible nanocomposite is developed
and discussed in chapter 4. To make the isotropy of printed parts as high as possible, all the organic
parts in the nanocomposite are reversible DA polymer, while the addition of inorganic nano-fillers
tunes the viscosity of materials under rDA process so a higher printing resolution can be reached.
The dissertation also discusses how the low viscosity of DA polymer can be utilized to reach a
high-loading FFF filament without the assistance of a solvent. Lastly, it also discusses how the
reversible DA material can be converted to an irreversible thermoset with proper post-treatment
when there is a need. The mechanism of this irreversible post-curing is also explored.

1.4 Objective
In principle, the topic of my dissertation is to utilize both organic chemistry and polymer
science to design and prepare materials that are normally not well-developed for additive
manufacturing (AM). The overall goal of this dissertation is not just to develop the materials that
have not been applied to one or more AM techniques, but more importantly, to solve practical
problems by innovating the materials. In other words, this dissertation focuses on designing
molecules based on the demands of real applications. Most of the work discussed in this
dissertation can be classified as applied science, however, the design and preparation of new
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materials for AM relies on contributions from organic chemistry, especially polymer science,
which is one of the cornerstones of material science and engineering. The overall goal is to show
how organic chemistry can be used to develop materials that have not been used or are not suitable
for AM.
More specifically, this thesis focuses on two objectives. The first one is how to develop a
new material that can be used to fabricate glass objects with high-quality control so they can be
used for applications that require high precision. This can be demonstrated by the fabrication of
imaging optics since those optics has extremely high requirements for surface quality. One of the
main problems with conventional methods to fabricate glass objects is most of them are not
suitable for micro and complex structures. The solution is to synthesize a photo-curable and highly
condensed liquid silica resin (LSR) and use this resin in the 3D printing technique. Upon printing,
the printed, organic-inorganic LSR can be converted to pure silica at elevated temperature with
low shrinkage (17%) so that simple but micro-sized glass optics can be obtained, which is
discussed in chapter 2. Chapter 3 discusses how the properties of LSR can be better explored and
tuned for printing optics with a different structure. The relationship between mechanical properties
and the LSR’s chemical structure, as well as how to optimize the LSR for the fabrication of more
complex optical systems so that more practical applications can be achieved is discussed.
The second objective is to develop a thermoset that can be used for Filament Fused
Fabrication (FFF) AM technique. Although, as mentioned above, the FFF printing of DA polymer
has been reported, chapter 4 mainly focuses on 3 targets: 1). Develop a DA-based thermoreversible
thermoset that can be extruded to the filament and printed as normal commercially available
thermoplastics with a conventional FFF printer; 2). Utilizing this a DA-based thermoreversible
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thermoset to reach high filler loading without the assistance of other solvents; 3). Visit the
possibility to convert the reversible thermoset to an irreversible thermoset when it is necessary.
Although the printing materials and printing technique discussed in chapter 4 are different
from the materials and techniques discussed in chapters 2 and 3, the purpose is to use different
examples to show how the organic chemistry can be used to synthesize materials with different
functions that serve the AM techniques for specific applications.
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Chapter 2 Three-dimensional printing of glass micro-optics
With contributions from Zhihan Hong, Rongguang Liang and Douglas Loy (coauthor and
PI).

2.1 Abstract
To meet the increasing needs of high-precision glass micro-optics and address the major
limitations of current three-dimensional (3D) printing optics, we have developed a liquid, solventfree, silica precursor and two-photon 3D printing process. The printed optical elements can be
fully converted to transparent inorganic glass at the temperature as low as 600 °C with the
shrinkage of 17%. We demonstrate the complete process chain, from material development,
printing process, and performance evaluation of the printed glass micro-optics. 3D printing of glass
micro-optics with isotropic shrinkage, micrometer resolution, low deviation peak-to-valley value
(<100 nm), and low surface roughness (< 6 nm) is achieved. The reported technique will enable
the rapid fabrication of complex glass micro-optics previously impossible using conventional glass
optics fabrication processes.

2.2 Introduction
Due to the excellent optical, chemical, and thermal properties, inorganic glasses are widely
used in industry, defense, space, and high-end consumer applications.57, 58 Conventional grinding
and polishing methods are the standards for fabricating spherical, aspherical, and flat surfaces, but
are slow and incapable affording freeform surfaces.59,
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In addition, traditional grinding and

polishing are not suitable for fabricating glass micro-optics. Precision press molding is an efficient
method for fabricating freeform optical elements, but, due to the time and cost of preparing highprecision molds, is not suitable for rapid prototyping. Optical elements with microstructures, such
as diffractive optical elements and gratings, are commonly formed with microlithography, etching,
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and molding. Although modern fabrication processes have achieved a high level of efficiency and
reproducibility, novel strategies are still needed for making complex-shaped, especially microsized, glass optics.61
Three-dimensional (3D) printing is attractive due to its flexibility in building complex
shapes through an additive process. There have been numbers of literatures reported using
polymeric materials to print organic optics with decent performance by additive manufacturing
(AM).62-65 However, organic optics printed by polymer-based components are limited in practical
applications due to their poor thermal stability, low transmission in short wavelengths, and low
refractive indices. 3D printing of inorganic optics has lagged because of the stringent requirements
on surface shape, surface roughness, and homogeneity in optical properties, as well as a limited
selection of printable optical materials. Direct printing transparent inorganic glass optics with laser
sintering, fused filament deposition, direct ink writing (DIW), stereolithography (STL), projection
microstereolithography (PµSL), or two-photon stereolithography (TPSL) has generally not
achieved the quality required for optical applications.12, 13, 15, 17, 19 These approaches have been
limited by shrinkage with burning out of organic components and high temperature sintering,
defects (bubbles, hidden layers, etc.), and a limited range of materials. Fused glass filament
deposition of inorganic glass fiber avoids much of the shrinkage but suffers from low print
resolution due to the size of the filament.12, 13 DIW of nanocomposite suffers from shrinkage as
ink solvent evaporates and with sintering of suspended silica particles.19, 20, 45 Moreover, to get
transparent and smooth surface, polishing is usually needed after sintering process. STL, PµSL
and TPSL approaches using inorganic particles suspended in curable liquid organic resins are
impeded by unacceptably high viscosities with higher particle loadings and shrinkage due to the
burn out of organics and melting of the remaining particles into a glass.15, 16 Meanwhile, the
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nanocomposite may suffer from clusters of nanoparticles in the material, which can cause negative
affect to the surface morphology and roughness. Some improvement is observed when the organic
resin is replaced by an organosilicon analog that converts into silica during the pyrolysis process.
But the high shrinkage is still inevitable.17 Some siloxane-based polymers have been used to
fabricate polymer-derived ceramics. The high percentage of organic groups makes them not
suitable to fabricate transparent glass with low shrinkage.66 Considering that shrinkage is a central
deterrent to successful 3D printing of inorganic glass optics, replacing the organic solvent with a
low viscosity, liquid, inorganic resin would serve permit high resolution STL, PµSL and TPSL
printing with minimal shrinkage.13, 19
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Figure 2.1 The printing system and printing process. (a) The schematic of the 3D printing
system. M1 and M2 are the folding mirrors; L1 and L2 are the lenses for the beam expander;
Obj1 and Obj2 are the microscope objectives for curing the material and monitoring the
printing process, respectively; and BS is the beam splitter. (b) The typical process chain of
printing inorganic glass micro-optics using LSR and two-photon polymerization.

Here, we report 3D printing of glass micro-optics with minimal shrinkage with two-photon
polymerization (TPP) (Fig. 2.1a) using a photo-sensitive, liquid silica resin (LSR) based on precondensed silica used to prepared low density silica aerogels (Fig. 2.1b). TPP is able to achieve a
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small volume curing, and has been investigated extensively for high resolution printing of optical
elements based on liquid organic resins.59, 65, 67 LSR is an oligomer derived from the acid-catalyzed
hydrolysis and condensation of tetramethoxysilane and a small amount of methacryloxy-modified
trimethoxysilane with a substoichiometric amount of water. Pyrolysis at 600 °C followed by
sintering at 1000 °C eliminated any residual organics and converted the cured resin to silica.
Compared to shrinkage from previous reports, which is usually from 30% to more than 60%, the
LSR shows only 17% shrinkage with pyrolysis and only an additional 4% shrinkage with
sintering.15, 17 Printing is carried out by direct writing in a single droplet of LSR on a quartz slide
with femptosec pulse 780 nm laser. The printing was achieved by layer overlapping at an equal
arc-length of 500 nm. The number of layers is around 50 to 100 based on the thickness of the
printed structure. We demonstrate that the glass micro-lens and gratings can be printing in high
resolution. The surface of final glass optics can be precisely controlled with a peak-to-valley of
<100 nm and the surface roughness lower than 6 nm.

2.3 Results and discussion
2.3.1 Monomer choice for solvent-free LSR, pyrolysis, sintering, and shrinkage
It is essential to apply a thermally or photochemically curable liquid resin during SLA or
DIW, which makes the printing of inorganic glass more difficult because most of the inorganic
compounds tend to form solid. Organic liquid resins are low molecular weight oligomers with
pendant monomer substituents that most commonly will crosslink with light or heat induced
radical generation for initiators. These resins shrink little because a majority of the linkages
between monomers are already in place and only a few additional bonds are needed to connect all
of the oligomers into a glassy solid.
For an inorganic oxide glass, the resin should have a significant portion of the M-O-M
linkages already in place. Linear silicone oligomers have half Si-O-Si linkages needed for silica
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but possess at least 40 wt% organic groups. Conversion of silicones, with densities of 0.965 g/mL3
to amorphous silica with a density of 2.26 g/mL would result in 68% shrinkage after oxidation and
sintering. The Si-O-Si content can be increased with silsesquioxanes, RSiO1.5, but the ultimate
liquid resin is the precondensed LSR's developed to create ultra-low density aerogels.68, 69 Partial
condensation of tetramethoxysilane (TMOS) replaces nearly all of the methoxide groups with SiO-Si linkages in a branched and cyclic rich LSR that, if low enough in molecular weight, can
remain liquid. For example, LSR’s can be obtained with 27 wt% of TMOS in methanol with 1.5
eq water and HCl as catalyst. With 1.6 eq of water per mole of TMOS, a solid, but soluble resin
was obtained and with more than 1.6 eq of water, the resin irreversibly forms a gel.70 Unfortunately,
the pure TMOS based LSR's did not cure with exposure to the UV. This was remedied by
incorporating

a

small

amount

of

3-methacryloxypropyltrimethoxysilane

(MPTS)

or

methacryloxymethyltrimethoxysilane (MMTS) into the hydrolysis and condensation reaction.
Reacting TMOS and 6.5 mol% MMTS with 1.45 eq of water afforded an LSR with a viscosity
suitable for printing (10131 mP-s, shear rate of 40 s-1, Fig. 2.2a). 4-Methoxyphenol (MEHQ) was
added during the reaction to prevent the polymerization of MPTS or MMTS. Both FTIR and
hydrogen nuclear magnetic resonance (1H NMR) were used to demonstrate the presence of the
methacrylate functional group after the synthesis (Fig. 2.2b&c). The degree of condensation in the
LSRs were verified by comparing the integrals of methyl peak from methyl methacrylate group
(1.96 ppm) and methoxy peak (3.62 ppm) in 1H NMR spectrum(Fig. 2.2c). Our pre-condensed
LSRs have densities close to 1.5 g/mL (e.g. the LSR prepared with 6.5 mol% MMTS has a density
of 1.48 g/mL), which is much closer than silicone resins to the density of amorphous silica. A
photo-initiator (bis(diethylamino)benzophenone, 0.8 wt%) was dissolved into the synthesized LSR
before TPP fabrication.
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Figure 2.2 Characterization of the LSR used for TPP. (a)The viscosity of the precursor
prepared with 6.5 mol% of MMTS. The viscosity increased gradually as the shear rate
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increased from 40-1 to 120-1 indicating the precursor has a shear thickening property; (b)
FTIR-ATR spectra of the printed sample before and after thermal treatment; (c) 1H NMR
spectrum of LSR prepared with 1.45 eq of water and 6.5 mol% of MMTS. The integrals of
peak a (1.96 ppm) and peak b (3.62 ppm) indicates that after the pre-condensation, there
were around 5.3 methyl methacrylate groups per 100 methoxy groups; (d) The TGA result
of the cured sample prepared with 6.5 mol% of MMTS. The first mass drop which started
around 130 oC indicates the starting of condensation of -OMe group; (e) The process of
heating treatment. The heating ramp before 200 oC was controlled as 1 oC/min, and the ramp
after 200 oC was controlled as 0.5 oC/min. The holdings at 160 oC and 200 oC were aimed to
finish the condensation of -OMe group.

To obtain inorganic glass elements, 3D printed samples were heated at 600 °C and then
1000 °C. Based on thermal gravimetric analysis (TGA) result (Fig. 2.3d&e), residual methanol
and water are lost around 100 °C, followed by loss of methanol and water from methoxide group
and silanol condensation reactions and oxidation of the organic substituents.17 Above 570 °C, there
was little change in mass. Change in chemical composition of the printed samples was monitored
through thermal treatment using FTIR. While the FTIR spectrum of LSR showed peaks from
hydrocarbons (2832-3050 cm-1, 1465 cm-1) and methacrylate C=O (1725 cm-1), spectra of the
thermally treated printed sample after 600 °C and 1000 °C exhibited only peaks from Si-O (9271300 cm-1) characteristic of silica and trace amounts of absorbed water (~1610 cm-1) (Fig. 2.2b).
At this point, the material is inorganic silica of excellent transparency consistent with a nonporous
glass, but with significantly lower temperatures than other reported 3D printing approaches. The
refractive index of 600 °C treated sample is 1.456±0.005 at 632 nm, which was 1.420±0.005 for
LSR before printing and 1.435±0.005 after printing.
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Figure 2.3 The shrinkage after thermal treatment (sample printed with LSR prepared with
6.5 mol% MMTS). (a) shrinkage after heat treatment from 200 °C to 1000 °C; Silica glass
ring as-printed (b) and after being post treated at 600 °C (c) and 1000 °C (d).

With 12 mol% of the MPTS, 26% shrinkage was observed in the printed sample with
pyrolysis. When MPTS was reduced to 6.5 mol%, the shrinkage after 600 °C decreased to 19%.
Additional reduction in shrinkage was afforded by switching from the propylene tether in MPTS
between the methacryloxy and the trimethoxysilane groups to a shorter methylene in
methacryloxymethyltrimethoxysilane (MMTS). Glass rings (Fig. 2.3b) printed using an LSR
prepared with 6.5 mol% of MMTS exhibited only 17% linear shrinkage was generated after being
heated at 600 °C for 3 hours (Fig. 2.3c). After being heated to 1000 °C for another 3 hours, only
another 4% shrinkage was observed (Fig. 2.3d). Reducing the MMTS to 3 mol% provided
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insignificant difference to shrinkage (≤1%). Besides, we noticed that at 3 mol%, the concentration
of methacrylate attached to the oligomeric silica was too low (only 3 methacrylates per 100 Si
atoms) to effectively crosslink the LSR. Thus, LSR prepared with 6.5 mol% MMTS was used in
this study of printing micro-optics.
Another phenomenon that has been noticed is that the condensation of the as-printed
objects without thermal treatment underwent about 8% linear shrinkage after two months’ storage
in the air at room temperature, which is probably caused by the moisture from air [14]. However,
this will not affect the overall shrinkage after thermal treatment compared to the as-printed status.
2.3.2 Printing optimization and resolution
In order to optimize the printing process, an array of thin layer squares was printed on a
quartz substrate with a range of laser pulse energies (0.89 — 1.62 nJ) and exposure times (0.2 s –
100 s). The exposure time here was the total time for printing each square. Fig. 2.4a is the SEM
image of a region of printed square arrays, and Fig. 6b is the surface profile using a white light
interference microscope. Fig. 2.4c shows the distribution of the heights of the printed single layer
squares for different laser pulse energies and exposure times. It is clear that the layer thickness
increased as the pulse energy increased and/or exposure time increased, meaning that the axis
resolution of the printing system could be well controlled by the laser pulse energy or exposure
time.71 While the higher pulse energy may improve the printing speed, it also can generate enough
methanol or water vapor from the curing chemistry to form bubbles in the resulting glass. One
more important finding was that the layer thickness was saturated to 5.2 μm even when a longer
exposure time (>100 s) was applied. With a 1.25 NA objective, 780 nm fs laser, 0.89nJ pulse
energy, and ~0.2s exposure time, the smallest printed dot was about 560 nm diameter (Fig. 2.4d),
which indicated the sub-micrometer printing resolution can be achieved.
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Figure 2.4 Evaluation of the printing performance of the material prepared with 6.5 mol% of
MMTS. All the samples were measured before thermal treatment. (a) SEM image of 3D
printed squares (scale bar = 25 μm); (b) surface profile of the array of single layer squares
printed with different laser pulse energies and exposure times; (c) the distribution of the
heights of printed single layer squares; (d) SEM image of the smallest cured dots (560 nm
diameter) for evaluating the printing resolution. The sample was gold coated.

2.3.3 Manufacturing precision and optical performance of printed glass micro-optics
With the information gained from the study in Fig. 2.4, a number of different micro-optics
were directly printed on the quartz substrate to demonstrate the printing capability and investigate
the shrinkage after the thermal treatment. However, due to the thermal expansion of the substrate
and the shrinkage of the printed element, as well as the friable nature of the prints, cracks were
observed during the thermal treatment process, especially for the elements with large aspect ratios
or with large contact area with the substrate. Deformation at the edges was also observed even
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when no crack was observed. To address this critical issue, the contact area between the printed
structure and substrate was reduced by pre-printing supporting structures.
Figure 2.5a is a grating array that consisted of four different grating profiles (semi-sphere,
rectangle, isosceles trapezoid, and right-angle trapezoid, as shown in Fig. 2.5b). The gratings were
printed on a platform that was supported by several pillars. The shapes of the gratings were
measured with Zygo Newview 8300 optical profilometer before and after thermal treatment.
Compared to the design profiles, the gratings were printed accurately except some minor errors
around the corners. After the thermal treatment at 1000 °C, the grating shrunk isotropically, the
shrinkage is 21±0.5%.

Figure 2.5 Evaluation of material shrinkage with different geometric shape. (a) Microscopic
image of the printed grating array after sintering at 1000 oC and (b) the grating profiles and
SEM images of the four gratings in (a).

A plano-convex micron-lens with a radius curvature of 25 µm was printed on the top four
pre-printed pillars as shown in Fig. 2.6a. Based on the linear shrinkage (~17% at 600 °C), the
radius curvature of the lens was printed as 30 µm to compensate the shrinkage. TMS surface
roughness was 5.65 nm (Fig. 2.6b). Surface deviation from the ideal lens surface in the central
region was less than ± 50nm (Fig. 6c). To evaluate the imaging performance of the printed micro-
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lens, an 40X, 0.6NA microscope objective was used to intermediate image formed by the printed
micro-lens (Fig. 2.6d). Figures 2.6e and 2.6f are the images of the first element in Group 7 in 1951
USAF resolution target for the printed micro-lens after thermal treatment at 600 °C and 1000 °C,
demonstrating the printed glass lens has a great potential for imaging application. Since the microlens was not designed to correct aberrations under the experimental condition in Fig. 2.6c, the
image was not diffraction limited.
A single diffraction grating was also manufactured. Figure 2.6g is the SEM images of the
grating with right-triangle profile with the period of 15 µm and height of 8.5 µm. Although a tiny
piece of the platform was broken during the thermal treatment, the whole grating structure was
well maintained. Figure 2.6h is the diffraction pattern for the collimated 632.8 nm laser beam from
the grating. The central bright spot is observed because the laser beam was larger than the grating.

Figure 2.6 Performance of printed micro-lens and grating. (a) Micro-lens printed on a
supporting pillars (600 °C treated); (b)&(c) surface profile of the printed lens and the
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deviation from the design; (d) diagram of experimental setup for evaluating the imaging
performance; (e) image of the first element in Group 7 in 1951 USAF resolution target for
the lens after thermal treatment at 600 °C; (f) image of the first element in Group 7 in 1951
USAF resolution target for the lens after thermal treatment at 1000 °C; (g) SEM images of
a glass grating after thermal treatment at 600 °C and (h) the resulting diffraction pattern for
a 632.8 nm laser beam.

2.4 Conclusion
In summary, we have developed solvent-free, methacryloxy-modified LSRs and TPPbased 3D printing for glass micro-optics. The modification of LSR with as little as 6.5 mol%
MMTS significantly reduces the organic component and shrinkage with pyrolysis. Transparent
glass optics can be obtained after thermal treatment at 600 °C with shrinkage as low as 17%, which
was also demonstrated to be isotropic. By pre-print the supporting structure, deformation and
damage of printed optics during thermal treatment can be avoided. Glass micro-lenses and gratings
were successfully fabricated, and the optical performance was evaluated. The deviation’s peak-tovalley value of the surface deviation is lower than 1/6 λ (λ is 632.8 nm) and the surface roughness
is lower than 6 nm.
Our current printing process of micro-optics was achieved with LSR prepared with 6.5 mol%
MMTS. When larger lens or multi-lens system is desired, tuning the ratio of MMTS may still be
required to reach a higher crosslinking density to get better mechanical properties during/after
printing. Therefore, it is necessary to optimize the LSR for different optical applications to find a
balance point between shrinkage and printability. The printing parameters can be further optimized
regards of different LSR to optimize the resolution as well as printing speed. In the meantime,
materials with higher refractive index and larger dispersion should be developed for better
controlling monochromatic and chromatic aberrations.
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The results reported here show fabrication of glass micro-optics by TPP with precision
curing of fine details with low and isotropic shrinkage. This approach opens the door to precisely
fabricate the complex micro-optics such as freeform lens or gratings. As such, we believe this work
brings potential to expend the applications of micro-optics in imaging, sensing and optical
communication.

2.5 Experimental procedures
2.5.1 Materials
Tetramethoxysilane (TMOS, 98%), 3-methacryloxypropyltrimethoxysilane (MPTS), and
methacryloxymethyltrimethoxysilane

(MMTS)

were

purchased

from

Gelest.

4,4'-

bis(diethylamino)benzophenone (BEBP), monomethyl ether hydroquinone (MEHQ), and
propylene glycol monomethyl ether acetate (PGMEA) was purchased from Sigma-Aldrich. The
methanol was refluxed with magnesium and distilled before use. All other chemicals were used as
received unless a specific statement.
2.5.2 Synthesis of liquid silica resin (LSR) for printing
Methanol, MPTS (or MMTS) and TMOS with a designed ratio (Table S1) were added to
a flame dried 100 mL round bottom flask. MEHQ (5 mg, 0.04 mmol) was added as an inhibitor to
prevent the polymerization of MPTS (or MMTS) during the pre-condensation. Then, dilute HCl
(1 M, 1.45 eq of H2O to Si) was added dropwise under magnetic stirring. The solution in the flask
was heated at 57 °C for 4 h to pre-condense the silanes. After that, the methanol was evaporated
using rotary evaporator. The viscous oil was then transferred into a vial and dried under vacuum
(~ 1mmHg) for 24 h to remove trace amount of HCl. Then, BEBP (0.8 wt% to final LSR) was
dissolved in 1 mL of dry methanol followed by being mixed with the pre-condensed LSR. Upon
the clear and homogeneous solution was formed, the methanol was removed under vacuum (~ 1
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mmHg) for another 24 h before printing. This material can be stored in a sealed vial in fridge for
at least weeks before use.
2.5.3 3D printing of the LSR
A home-built printing system based on femtosecond pulse laser was used for the reported
study (Fig. 2.1a). A 780 nm femtosecond laser source with ~150 fs, 77 MHz, and maximum power
130 mw was used for two-photon polymerization. The laser beam was expanded to around 5.5 mm
by a 5X beam expander. The FWHM (Full width of half maximum) of the beam is around 3.24
mm, 65% filled the objective aperture and tightly focused to a small spot by the oil immersion
objective (NA 1.25). The micro-lens and the diffraction gratings were fabricated by an equal-arc
layer-by-layer printing process with 1.52 nJ pulse energy with a stable scanning speed of 2.5 mm/s.
The layer thickness is controlled by multiple scanning (Fig. 2.3c).
The printed elements were immersed in PGMEA for 5 mins after printing and then
immersed in Alcohol for another 5 mins. After washing away the uncured printing material, the
elements were kept at room temperature before thermal treatment.
2.5.4 Thermal treatment after printing
The multi-stage thermal treatment was finished in a Vulcan 3-550 furnace. The printed
elements were firstly heated to 160 °C (1 °C/min) and held for 10 h, followed by being heated to
200 (1 °C/min) and held for another 10 h. Then, the temperature was slowly increased to 350 °C
(0.5 °C/min) and held for 3 h followed by a heating ramp to 600 °C (0.5 °C/min). After that, the
elements were held for another 3 h before they were cooled to room temperature slowly. To treat
the elements at 1000 °C, they were re-heated to 1000 °C from room temperature with a rate of
1 °C/min. All heating treatments were conducted in the air.
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2.5.5 Characterization
Infrared (IR) spectra were obtained with a Thermo Scientific Nicolet iS50R using a Harrick
MVP-Pro™ Single Reflection ATR Microsampler. Scanning Electron Microscope (SEM) images
were taken using FEI Inspect Scanning Electron Microscope. Nuclear magnetic resonance (NMR)
spectra were obtained using a Bruker DRX 500 MHz. All SEM images were taken under low
vacuum mode without any coatings except other statements. TGA were conducted using TGA
5500 (TA Instruments). The samples were tested in the air with a heating ramp of 10 °C/min. The
viscosity of LSR was measured using m-VROC Viscometer at room temperature. Surface profiles
were measured by Zygo Newview 8300 white light interference microscope.
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Chapter 3 Precision glass imaging optics printed with precondensed liquid silica resin
With contributions from Zhihan Hong, Rongguang Liang and Douglas Loy (coauthor and
PI).

3.1 Abstract
3D printing of optics has gained significant attention in optical industry, but most of the
researches have been focused on organic polymers. In spite of recent progress in 3D printing glass,
3D printing of glass optics for imaging applications still faces challenges from shrinkage during
printing and processing and inadequate surface shape and quality to meet the requirements for
imaging applications. In this paper, we report a new liquid silica resin (LSR) with higher curing
speed, better mechanical properties, lower sintering temperature, reduced shrinkage, and,
ultimately, glass with attractive optical performances. Our developed printing method has also
been demonstrated to print lenses with flat, spherical, aspherical, freeform, and discontinuous
surfaces with accurate surface shape and high quality for imaging applications. Furthermore, the
3D-printed optical systems with multiple optical elements broaden the potential for modern
complex optical design evaluated for compact and integrated imaging applications. Most
importantly, the Alvarez-lens pair can be printed and implemented in a movable zoom optical
system, endowing substantial flexibility and functionality in imaging magnification. This study
has paved the path for low-cost fabrication of complex glass optical systems for imaging
applications.
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3.2 Introduction
Inorganic glass has been used for fabricating optics for hundreds of years. Although more
and more optics are fabricated from organic polymers due to their lightweight and low-cost,
inorganic glass still has an irreplaceable position in the optical imaging because of its much better
thermal stability, mechanical properties, chemical resistance, and imaging performance in the
ultraviolet (UV), near-infrared (NIR), and infrared (IR) regions.72, 73
Glass micro-optics have been widely used in consumer products, medical devices, sensors,
optical communications, etc.74, 75 Traditional grinding/polishing, commonly used to fabricate glass
optics, is not efficient in fabricating micro-optics and is not capable of fabricating freeform microoptics with discontinuous surfaces. Precision press glass molding, developed for mass production
of glass optics, is a preferred method for fabricating low-cost micro-optics, but cannot be used to
fabricate multi-element components and freeform optics with microstructures.76 In recent years,
additive manufacturing (AM), or three-dimensional (3D) printing, has been used to fabricate small
and complicated structures that conventional techniques cannot achieve. A variety of AM
techniques have been investigated to print glass objects using different materials.12, 15-20, 22, 45, 77
However, considering the strict requirements on surface shape and quality for optical applications,
the relatively low resolution of some AM techniques (e.g. fused filament fabrication, direct ink
writing, and stereolithography) limits their printing glass optics unless post-process (e.g. polishing)
is applied to the printed parts, which is not ideal and sometimes impossible. AM technique based
on two-photon polymerization (TPP) becomes the best candidate to print glass micro-optics since
it has a much higher printing resolution.16, 59, 77
Until recently, TPP-based AM technique has been used to print high resolution, microsized optics based on organic polymers.59, 65, 67, 78 Micro-optics were 3D printed from silica
61

particles in an organic resin by Frederik Kotz et al using a TPP direct laser writing (DLW)
method.16 Thermal degradation and sintering at 1300 °C afforded silica glass with a linear
shrinkage of ~26%. Micro-lenses with diameters of hundreds of micrometers were obtained with
Ra ≈ 6 nm and Sa of hundreds of nanometers. We reported a TPP printing method with a solventfree, pre-condensed liquid silica resin (LSR) for fabricating micro glass optics with relatively
simple structures (e.g. single lens or grating).77 Transparent glass optics can be obtained after
thermal treatment at 600 °C in the air with linear shrinkage as low as 17%. The Sa and Sq of printed
semi-sphere lenses reached 4.3 nm and 5.6 nm, respectively. The solvent-free LSR used in our
previous work was synthesized based on acid-catalyzed polymerization of tetramethoxysilane
(TMOS) together with sub-stoichiometric amount of water (water solution) and 6.5 mol% of
methacryloxymethyltrimethoxysilane (MMTS) as photocurable moiety. Recently, we observed a
limitation that the deformation may happen during the printing and thermal treatment processes if
a structure with high aspect ratio is printed, mainly due to the relatively low number of crosslinked
points in the printed structure.
In this work, we report our recent progress in printing imaging micro-optics with newly
optimized LSR. The printed structure can be converted to transparent silica glass at a temperature
as low as 600 °C. Micro-sized single, freeform, multi-component glass optics with well-controlled
profile accuracy (RMS surface roughness ≤ 5nm) have been fabricated. The performances of all
optical systems have been evaluated to demonstrate the potential for practical applications.
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3.3 Results and discussions
3.3.1. Pre-condensed liquid silica resin with better curing and mechanical properties for
optical applications
To address the deformation challenge, we synthesized a series of LSRs with increased
crosslinkable points (Fig. 3.1a), by adjusting the ratio of MMTS during synthesis. LSRs with
different ratios of MMTS varying from 6.5 mol% to 20 mol% were prepared (LSR6.5, LSR10,
LSR15, LSR20). Si NMR was used to characterize the chemical structures of LSRs. Peaks in Q1
(-86 ~ -87 ppm), Q2 (-93 ~ -96 ppm), Q3 (-100 ~ -105 ppm), and Q4 (-107 ~ -115 ppm) regions
were observed in all LSRs’ spectra with almost the same integration ratio (Q2 ≈ Q3 >> Q4 > Q1),
indicating that the hydrolysis and condensation during synthesis could be well controlled by
strictly controlling the ratio of H2O : Si (Fig. 3.1b). These results are consistent with the spectrum
of liquid silica prepared from pure TMOS.70 Since MMTS was also introduced as a comonomer,
T3 (-68 ~ -70 ppm) peaks were also observed. The multi-peaks in T3, Q2, and Q3 regions indicate
that the LSRs are a mixture of linear, cyclic, and cage-shaped species. From LSR6.5 to LSR20,
the increased intensity of T3 peaks is consistent with the increased ratio of methacrylate group in
the system, which is also confirmed by the increased intensity of methacrylate peaks (6.13 ppm,
5.97 ppm, 3.90 ppm, and 1.95 ppm) in 1H NMR spectrum(Fig. 3.1c) and the increased intensity of
C=O peak (1723 cm-1) in normalized FTIR spectrum (normalized by the Si-O peak at 1066 cm-1)
(Fig. 3.1d).
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Figure 3.1 (a) Scheme of LSR synthesis and fabrication of glass micro-optics. The LSR sol
can be considered as soft, flexible, and nanometer-sized particles. (b) The 29Si NMR spectra
of LSRs. (c) The 1H NMR spectra of LSRs. (d) The FTIR spectra of LSRs. After normalizing
all curves based on Si-O peak (1066 cm-1), the ratio of integrations of C=O (1723 cm-1) peaks
from LSR6.5 to LSR10, to LSR15, to LSR20 is 1:1.5:2.3:3.0.
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Figure 3.2 (a) The DMA (tension) results of LSRs between two glass slides exposed to UV.
The zig-zag part of each curve in the dashed region refers to the crack formation and broken
of LSR at the end of the test, which could be caused by the heat during UV exposure. The
gel time of each curve was determined by crossing the baseline with the tangent line of point
on curve that E’ has the highest raising rate. (b) The E’ of LSRs after curing by normal UV.
The tests were conducted under compression mode. The LSR6.5 cannot be fully cured under
the condition used for UV curing test.

When the percentage of MMTS is increased, shrinkage increases as well during thermal
treatment, which is caused by eliminating a greater volume of the organic methacrylate group.15
To achieve the high-quality printing for optics, the shrinkage should be kept as low as possible for
better control in shape and surface quality. Therefore, it is important to seek an optimized ratio of
MMTS that provides sufficient crosslinking points with minimized shrinkage during pyrolysis.
The gel point time of LSRs under UV irradiation was measured using Dynamic Mechanical
Analysis (DMA) under a tension mode. The LSRs were placed between two glass slides. The UV
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light was applied to the LSR after a 2.5 minutes stable measurement without UV irradiation. The
results indicated that LSR10 had a similar curing efficiency as the LSR6.5. When the ratio of
MMTS was increased to 15 mol%, a substantial decrease of gel point time (from 8.5 min to 2 min)
under the same curing conditions was observed (Fig. 3.2a), indicating a much higher curing
efficiency. Further increasing the MMTS to 20 mol% did not improve the curing efficiency much.
The storage modulus (E′) of UV-cured LSR was also measured by DMA to evaluate the
mechanical properties after curing. To minimize the heat generated by UV, limited UV power
(~10W/cm2, the UV source was 5 cm away from the sample) and 5-minutes exposure time were
used. Under such conditions, the LSR6.5 could not be fully cured, and the DMA results were not
stable. Meanwhile, LSRs with increased MMTS ratios from 10 mol% to 20 mol% show the
increased E’ from 0.74 MPa to 1.65 MPa (Fig. 3.2b). Although the LSR20 had better mechanical
properties than LSR15 after curing, to minimize the shrinkage we selected LSR15 to investigate
the printing process for precision optics for imaging applications. The linear shrinkage of LSR15
at 600 °C was measured as 22%.
3.3.2. Printing optics with the optimized pre-condensed LSR
A custom printing system was built to study the printing process. A 780 nm femtosecond
fiber laser source with ~150 fs, 77 MHz, and maximum power 130 mw was used for two-photon
polymerization. The collimated laser beam was expanded to 5.5 mm diameter by a 5X beam
expander. The full-width-half- maximum (FWHM) of the beam was 3.24 mm, 65% filling the
objective aperture of the oil immersion objective (NA=1.25). The optical elements were printed
with a 1.52 nJ pulse energy and a printing speed of 2.5 mm/s.
The printed elements were immersed in propylene glycol monomethyl ether acetate
(PGMEA) for 5 minutes after printing and then immersed in alcohol for another 5 minutes. After
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washing away the uncured material, the elements were kept at room temperature before thermal
treatment. The multi-stage thermal treatment was finished in a Vulcan 3-550 furnace. The printed
elements were first heated to 200 °C (1 °C/min) and held for 3 hours, followed by being heated to
350 °C (0.5 °C/min) and held for 3 hours, and then by a heating ramp to 600 °C (0.5 °C/min).
After that, the elements were held for another 3 hours before they were cooled to room temperature
slowly.

Figure 3.3 Surface roughness and shape of the printed optical surface. (a) SEM image and
(b) surface roughness of a printed flat element. (c) The measured surface shape of a printed
spherical surface with a radius of 370 µm and (d) the deviation of the printed surface profile
from the designed shape. The measurement was performed with Zygo New view 8300 optical
profilometer.

To demonstrate the printing capabilities and evaluate the printing quality for optical
imaging applications, we first printed a flat element as shown in Fig. 3.3a, the flat element was
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printed on an array of supporting pillars.77 Figure 3.3b shows that the surface roughness is better
than 6 nm, which could be further improved by optimizing the printing system with better motioncontrolled mechanisms. Figure 3.3c is the measured surface shape of a printed spherical surface
with a radius of 370 µm and Fig. 3.3d shows the deviation of the surface profile from the designed
radius, demonstrating that the printed lens has a P-V better than 450 nm and an RMS better than
135 nm. No surface deformation was observed before and after thermal treatment. This is attributed
to the pre-condensed resin. The resin prepared by sol-gel chemistry is highly homogenous, which
avoids uncontrolled deformation during shrinking. Moreover, the optimized equal-arc printing
method keeps the high printing accuracy for the quality meeting the industry standards.77
Figure 4 shows SEM images of singlets with common shapes. Figure 3.4a is the planoconvex lens, the left image is the entire lens, and the right image is the ¾ sectioned lens to show
the lens shape. The layer-like structure in the cross-section image was caused by the printing
process; the internal property is homogenous. Figures 3.4b – 3.4f are SEM images of planoconcave, bi-concave, bi-convex, meniscus lens, and lenslet array. This study demonstrates that the
reported printing material and process is able to print the lenses with common shapes. Figure 3.4g
– 3.4i shows the images formed by the printed lenses. The printed lens first imaged the target to
an intermediate image which was then relayed to the CMOS camera by a microscope, as laid out
in Fig. 3.7c. Figures 3.4g and 3.4h are the images of the 1951 USAF resolution target captured by
the plano-convex singlet in Fig. 3.4a and the plano-concave singlet in Fig. 3.4b. The image quality
was degraded because the singlet did not have sufficient freedoms to correct aberrations. The
contrast, particularly in Fig. 3.4g, was relatively low due to the stray light. Figure 3.4i is the partial
image of the University of Arizona logo captured by the lenslet array in Fig. 3.4f.
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Figure 3.4 SEM images of (a) plano-convex singlet, (b) plano-concave singlet, (c) bi-concave
singlet, (d) bi-convex singlet, (e) meniscus lens, and (f) lenslet array. (g) and (h) images of
1951 USAF resolution target captured by the plano-convex singlet in (a) and the planoconcave singlet in (b). (i) The partial image of University of Arizona logo captured by the
lenslet array in (f). Scale bar: 50 μm
One of the key advantages of the reported printing material and process is its capability in
printing aspherical and freeform elements without additional processes. Figure 3.5a are the ray
tracing diagrams of two plano-convex singlets with the spherical surface (top) and aspherical
surface (bottom) with the same base radius of 220 µm, showing the aspherical surface is very
effective in minimizing spherical aberration. The aspherical surface was an even aspherical surface
described by the following equation:
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𝑍𝑍(𝑟𝑟) =

𝑐𝑐𝑐𝑐 2

1 + �1 − (1 + 𝜅𝜅)𝑐𝑐 2 𝑟𝑟 2

+ 𝛼𝛼2 𝑟𝑟 2 + 𝛼𝛼4 𝑟𝑟 4 + 𝛼𝛼6 𝑟𝑟 6

(1)

where 𝑅𝑅 = 220 𝜇𝜇𝜇𝜇, 𝜅𝜅 = −1, 𝛼𝛼2 = 0.474, 𝛼𝛼4 = 6.4036, and 𝛼𝛼6 = −41.454.
To compare the imaging performance, both lenses were printed. Figures 3.5b and 3.5d are
the SEM images of the plano-convex spherical singlet and aspherical singlet. Figure 3.5e compares
the surface profiles of the designed and printed aspherical surfaces, the peak-valley surface
deviation is less than 1 wave, and RMS surface deviation is less than ¼ wave, demonstrating the
proposed 3D printing process is able to print aspherical surface precisely. Figures 3.5c and 3.5f
are the images of the elements of the 4th group in the 1951 USAF resolution target, clearly
validating that the aspherical surface is effective in reducing the spherical aberration for better
image quality. The reason that the resolving powers of the lenses in Fig. 3.5 were lower than that
of the lenses in Fig. 3.4 was that the numerical apertures of the lenses in Fig. 3.5 were smaller than
that of the lenses used in Fig. 3.4.
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Figure 3.5 Capability in printing aspherical surface. (a) ray tracing of the plano-convex
singlet with spherical surface (top) and aspherical surface (bottom), (b) SEM image of the
plano-convex single with spherical surface, (c) image of the element of the 4th group in USAF
resolution target captured by the lens in (b), (d) SEM image of the plano-convex single with
aspherical surface, (e) surface deviation of the printed and designed aspherical surface, and
(f) image of the element of the 4th group in USAF resolution target captured by the lens in
(d).

It is well recognized that traditional methods are incapable of fabricating arbitrary glass
optical elements. However, the proposed 3D printing technology is able to print discontinuous
optical components (Fig. 3.6), further enriching the feasibility of the glass imaging optics
integration. Fig. 3.6a is the SEM image of a Fresnel surface, and Fig. 3.6b is the image of the 1951
USAF resolution target formed by this printed Fresnel lens. It was able to resolve the element 6 in
group 8; as expected, the contrast was reduced due to the stray light from the Fresnel structures.
Fig. 3.6c is one more example which is the SEM image of a grating with a period of 1.1 µm. This
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unique capability will significantly reduce the fabrication cost of prototyping discontinuous optical
surfaces, potentially enabling more unique applications.

Figure 3.6 3D printed optical elements with discontinuous structures. (a) SEM image of a
Fresnel surface, (b) the image of 1951 USAF resolution target, and (c) SEM image of a
grating with a period of 1.1 µm.
3.3.3. 3D printed imaging systems
To further demonstrate the potential of our method in imaging optical applications, we
printed multiple elements together with perfect alignment, significantly simplifying the process of
developing micro-optical systems for great imaging performances. Figure 3.7a is the SEM image
of a three-element micro-objective with the optical layout in Fig. 3.7b. To test its imaging
performance, the image of the USAF 1951 resolution target formed by the micro-objective was
relayed to the CMOS sensor by a microscope with a 0.5NA microscope objective (Fig. 3.7c). As
shown in Fig. 3.7d, the printed micro-objective was able to clearly resolve Element 3 in Group 9
(780nm resolution). The imaging resolution is comparable to the visible wavelength order by the
aspherical surface to decrease aberrations. Considering the scattering light from the object (Fig.
3.7c), the imaging resolution could be much higher. The image of the house fly wing with
magnified details (Fig. 3.7e) further demonstrates a good imaging performance of the printed glass
micro-objective.
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Figure 3.7 3D printed micro-objective with three elements. (a) SEM image of the printed
micro-objective, (b) optical layout, (c) setup for evaluating the imaging performance of the
printed micro-objective, (b) the image of 1951 USAF resolution target, and (e) image of a
house fly wing captured by the printed micro-objective. (f) Optical layout of endoscope
objective with three elements. (g) SEM image of the printed micro-objective. (h) The image
of 1951 USAF resolution target, and (i) image of a house fly wing captured by the printed
endoscope objective.

In addition, endoscope objective was also fabricated and evaluated. Fig. 3.7f and 3.7g are
the optical layouts and the SEM image of the printed endoscope objective. Fig. 3.7h is the image
of the elements in the 1st group in 1951 USAF resolution target. Fig. 3.7i is the image of the same
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house fly wing, showing the larger field of view and lower resolution than that of the microobjective in Fig. 3.7a.
Moreover, our printing method has the capability to hybrid different optical modules for
more applications such as diffractive optics. Fig. 3.8 demonstrates one potential application in
spectral imaging. Fig. 3.8a is the layout of the micro-spectrometer with the printed dispersion
assembly, which consists of a lens with grating in the flat surface and a dispersion prism. Fig. 3.8b
is the SEM image of the printed dispersion assembly, and Fig. 3.8c is the SEM image of the lens
flat surface with grating. Based on the designed configuration, the printed system efficiently
disperses the -1st diffraction order. The dispersed spectrum distribution is clearly recorded in the
CMOS camera, as Fig. 3.8d shows. Here, the colorless inorganic glass obtained from thermal
treatment shows its advantage in color transmittance (especially for blue light) compared to
polymeric materials, since most of the polymeric objects printed by TPP are yellowish due to the
TPP initiator or oxidation after printing.
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Figure 3.8 Micro-spectrometer with printed dispersion assembly. (a) optical layout, (b) SEM
image of the printed dispersion assembly, (c) SEM image of the lens surface with grating,
and (d) dispersed spectrum captured by the CMOS camera.

Alvarez lens pair system fabrication has been considered a great challenge in freeform
optics for many years. Not only the difficulty of the fabrication but achieving its functionality is
also a giant puzzle. We printed an Alvarez lens pair, one of which was movable.79 Figure 3.9a is
the schematic diagram, a platform with a guided rail was printed first, and then the first lens was
printed onto the platform directly. The second lens was printed separately and then mounted to the
guided rail. The Alvarez lens was defined by the following equations:
1

𝑍𝑍1 (𝑋𝑋, 𝑌𝑌) = 𝐴𝐴 � 𝑋𝑋 3 + 𝑋𝑋𝑌𝑌 2 � + 𝐶𝐶
3

1

𝑍𝑍2 (𝑋𝑋, 𝑌𝑌) = −𝐴𝐴 � 𝑋𝑋 3 + 𝑋𝑋𝑌𝑌 2 � + 𝐶𝐶
3

(2a)
(2b)
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where A=0.0216 and C=0.036. The distance between two lenses was 110 µm. This Alvarez
lens focused the collimated beam to different locations as one of the lenses moved.

76

Figure 3.9 Alvarez lens with movable element. (a) schematic diagram and (b) SEM image of
the assembled Alvarez lens. Experiment to demonstrate the performance of the printed
Alvarez lens: (c) Experimental setup, (d) measured spot sizes, and (e) simulated spot sizes.
(Video1 and video 2).
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Fig. 3.9b is the SEM image of the assembled Alvarez lens. A testing system was built to
evaluate the function of the printed Alvarez lens as shown in Fig. 3.9c. A collimated 532nm LED
light illuminated the assembled Alvarez lens. A small fiber was mounted to a 3-axis translation
stage to move one of the Alvarez lenses as shown in the inset. A microscope was used to image
the plane where the initial focused spot was located to the CMOS camera. During the movement
of one Alvarez lens, the microscope was not moved to follow the focal point to show the change
in beam size. As shown in Fig. 3.9d, the spot size on the camera increased as the Alvarez lens was
moved. Fig. 3.9e is the simulated measured spot size (not the focal point) at the image plane.
Compared Figs. 3.9d and 3.9e, the through-movement change of the spot size matched well, with
some minor differences in shape, mainly due to the beam shape of the input light. This study has
demonstrated the great potentials of the reported 3D printing method and materials in future
various applications.
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3.4. Conclusion
We have developed and characterized the optimized pre-condensed liquid silica resin with
higher curing speed, better mechanical properties, lower thermal treatment temperature without
sintering, reduced shrinkage, and good optical performance. We have also demonstrated the
precision TPP 3D printing process for complex glass optical systems and evaluated their
performance for imaging applications. Compared to the 3D printed polymer optics, the glass optics
has much better thermal stability, mechanical properties, chemical resistance, and imaging
performance in UV, NIR, and IR regions. Compared to the traditional polishing and molding
methods, 3D printing has unique capabilities in fabricating optical element with freeform and
discontinuous shapes, and complex multi-element optical systems with perfect alignment. Based
on the measured surface quality and shape deviation, as well as the image quality, we believe that
3D printing of glass imaging optics will play a significant role in precision optical imaging very
soon.
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3.5 Experimental procedures
3.5.1 Materials
Tetramethoxysilane (TMOS, 98%) and methacryloxymethyltrimethoxysilane (MMTS)
were purchased from Gelest. 4,4'-bis(diethylamino)benzophenone (BEBP), monomethyl ether
hydroquinone (MEHQ), and propylene glycol monomethyl ether acetate (PGMEA) was purchased
from Sigma-Aldrich. The methanol was refluxed with magnesium and distilled before use. All
other chemicals were used as received unless a specific statement.
3.5.2 Synthesis of pre-condensed polysilsesquioxane (LSR) for printing
MMTS with a designed ratio (from 6.5 mol% to 20 mol% regarding of total amount of
silane) were mixed with TMOS and methanol in a flame dried 50 mL round bottom flask. The
concentration of MMTS and TMOS together was fixed as 0.022 mol in 8.4 g of methanol. MEHQ
(10 mg, 0.08 mmol) was added as an inhibitor to prevent the polymerization of MMTS during the
pre-condensation. Then, dilute HCl (1 M, 1.45 eq of H2O to Si) was added dropwise under
magnetic stirring. The solution in the flask was heated at 57 °C for 4 h. After that, the methanol
and HCl were evaporated under vacuum (~ 1mmHg) for 18 h. Then, BEBP (0.8 wt% to final LSR)
was dissolved in 1 mL of dry methanol followed by being mixed with the pre-condensed LSR.
Upon the clear and homogeneous solution was formed, the yellow solution was transferred to a 20
mL glass vial through a syringe equipped with a 0.2 μm filter. Methanol was removed under
vacuum (~ 1 mmHg) before printing. This material can be stored in a sealed vial in freezer for at
least two months before usage.
3.5.3 3D printing of the LSR
A home-built printing system based on femtosecond pulse laser was used for the reported
study (Fig. 2.1a). A 780 nm femtosecond laser source with ~150 fs, 77 MHz, and maximum power
130 mw was used for two-photon polymerization. The laser beam was expanded to around 5.5 mm
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by a 5X beam expander. The FWHM (Full width of half maximum) of the beam is around 3.24
mm, 65% filled the objective aperture and tightly focused to a small spot by the oil immersion
objective (NA 1.25). The micro-lens and the diffraction gratings were fabricated by an equal-arc
layer-by-layer printing process with 1.52 nJ pulse energy with a stable scanning speed of 2.5 mm/s.
The layer thickness is controlled by multiple scanning (Fig. 2.3c).
The printed elements were immersed in PGMEA for 5 mins after printing and then
immersed in Alcohol for another 5 mins. After washing away the uncured printing material, the
elements were kept at room temperature before thermal treatment.
3.5.4 Thermal treatment after printing
The multi-stage thermal treatment was finished in a Vulcan 3-550 furnace. The printed
elements were firstly heated to 160 °C (1 °C/min) and held for 10 h, followed by being heated to
200 (1 °C/min) and held for another 10 h. Then, the temperature was slowly increased to 350 °C
(0.5 °C/min) and held for 3 h followed by a heating ramp to 600 °C (0.5 °C/min). After that, the
elements were held for another 3 h before they were cooled to room temperature slowly. To treat
the elements at 1000 °C, they were re-heated to 1000 °C from room temperature with the rate of
1 °C/min. All heating treatments were conducted in air.
3.5.5 Characterization
Infrared (IR) spectra were obtained with a Thermo Scientific Nicolet iS50R using a Harrick
MVP-Pro™ Single Reflection ATR Microsampler. Nuclear magnetic resonance (NMR) was
obtained using a Bruker DRX 500 MHz. For 29Si NMR, 300 mg of LSR was dissolved in 1 mL
CDCl3. 15mg of chromium acetylacetonate was added as relaxation agent. Scanning Electron
Microscope (SEM) images were taken using FEI Inspect Scanning Electron Microscope. All SEM
images were taken under low vacuum mode without any coatings except other statement. The
surface profile was measured by Zygo Newview 8300 white light interference microscope.
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3.5.6 Measurement of curing efficiency and storage modulus of LSR
The curing efficiency and storage modulus (E’) were measured using NETZSCH DMA
242E. To measure the curing efficiency, two glass slides were clamped by the sample holder
(tension) with an overlapped length of 5 mm. The overlapped parts of these two slides were not
physically contacted. LSR was placed to form a thin liquid layer to fill the gap between the two
slides within the overlapped region. The UV light was generated by Omnicure 2000 with 20%
output power. The UV was applied to the LSR after the measurement started. After the
measurement, the gel time of each curve was determined by crossing the baseline with the tangent
line of point on curve that E’ has the highest raising rate.
To measure the E’ of the cured LSR, LSRs were firstly placed in thin aluminum pans. UV
was generated by Omnicure 2000 with 30% output power and exposed to each pan for 300 s to
cure the LSR. After curing, a thin glass disc (3 mm diameter) was put between the LSR and the
pushrod of the DMA. The measurements were down with compression mode. Since the cured
LSRs were measured within the pan, the obtained data is comparable with each other but not the
real E’ of the cured LSRs.
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Chapter 4 Filament fused fabrication using a diels-alder
thermoreversbile thermoset: novel isotropic 3d printing with high
silica and tricalcium phosphate content
With contributions from Sahila Perananthan, Krishna Murailidharan, and Douglas Loy
(coauthor and PI).

4.1 Abstract
Filaments prepared from a reinforced, thermally reworkable thermoset assembled by DielsAlder (DA) chemistry was fabricated. Fused Filament Fabrication (FFF) allowed 3D printing
objects with isotropic mechanical properties (< 10% toughness difference between perpendicular
and parallel printing). Linked by furan-maleimide cycloadducts that afforded a network polymer
at temperatures below 100 °C and broke apart into a liquid above 100 °C, the resins could be
thermally reworked. Since the maleimide reacts faster with diamine compared to epoxy, which
leads to an irreversible network, the furfuryl glycidyl ether was first mixed with diamine to afford
a tetrafuran substituted molecule, which was then reacted with bismaleimide to get the thermally
reversible thermoset. Silica and calcium phosphate fillers were added to increase the viscosity of
the liquid under retro-DA status such that the DA reversible thermoset filament can be extruded
and printed using a commercially available extruder and printer, respectively, without an
additional cooling system. Low viscosity of the retro Diels -Alder form permits incorporation of
as much as 60wt% fillers to enhance mechanical properties (e.g. increases tensile stress from 2.2
MPa to 10.1 MPa without sacrificing failure strain). Cyclic tensile testing revealed the elastomeric
properties of this reversible thermoset. In this study, composite materials were prepared with up
to 30 wt% fumed silica and 60 wt% calcium phosphate/silica (55 wt%/5 wt%) in the resin,
respectively. Mechanical properties can also be tuned by varying the molecular weight of the
furfuryl-modified Jeffamine. Additionally, printed parts can be post-cured to the irreversible
thermoset at 140 °C to enhance the mechanical properties. The post-curing mechanism is studied
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based on the pristine thermoreversible thermoset and a model reaction. The presumed irreversible
network is presented as well.
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4.2 Introduction
Additive manufacturing (AM) is increasingly used in aerospace,80 construction,81 food,82
biomedical,83 and general manufacturing.84 Compared to the conventional molding and subtractive
techniques, AM permits the rapid translation of design into the product with less waste and lower
cost.85 Fused filament fabrication (FFF) is one of the most convenient, efficient, and widely used
AM techniques for shaping thermoplastic polymers.86 However, the application of conventional
FFF is limited by poor mechanical properties due to poor adhesion between layers in the print87-89
and by the difficulty in incorporating large amounts of filler to allow the printing of composite
structures.90 FFF results in a relatively weak adhesive bond between deposited layers due to an
inability to achieve significant chain entanglement between solidified polymer and the subsequent
molten polymer.91-93 In order for inter-filament entanglement, re-melting or solvent plasticization
of the immediately lower level of filament in the print is required. Post-print thermal treatments
can improve interlayer adhesion but often result in creep and loss of the specified dimensions.
Solvent-based approaches, such as post-print treatment plasticization, deposition of additional
thermoplastics from solution, and introduction and crosslinking of liquid monomers94 also risk
creep, but also introduce additional process steps with hazardous chemicals.
In an alternative approach, a blend of poly(lactic acid) (PLA) with a thermally reversible
resin based on maleimide-furan DA cycloadduct weak-links demonstrated FFF strengthening of
the interfaces with the thermally induced liquefaction of the resin allowing the co-mingling of the
filaments (see Figure 1.11a in chapter 1).55 The maleimide-furan weak link, widely used in
reworkable thermoset materials49, 95 and self-healing compositions,96 breaks apart above 90 °C and
reforms at below 90 °C. Using a similar, thermally reversible DA thermoset without PLA afforded
relatively isotropic FFF printed parts based on an insoluble crosslinked network.97 However, the
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DA resin viscosity is too low during FFF printing making it difficult to use with commercial
printers and limiting the resolution in the final prints.
Filler capacity is another restriction of conventional FFF printing using thermoplastic
filament. Though different types of fillers and thermoplastics always lead to different loading
capacities, FFF printing usually has a lower filler capacity than stereolithographic printing and
paste extrusion deposition.98 This is mainly due to the high viscosity of the melted thermoplastics.
Fillers are not only able to enhance the mechanical properties but can also expand the applications
such as printing of conductive parts, ceramics, or even transparent glass.99-101 Therefore, it is
desirable to develop a high filler capacity system for FFF.
The epoxy-amine-based maleimide-furan DA system is a thermally reversible system that
has been widely reported as reworkable adhesives and coating.49, 50
Aubert reported using aliphatic diamines, Jeffamines, to prepare the reworkable adhesives
with furfuryl glycidyl ether (FGE) and 1,1'-(methylenedi-4,1-phenylene)bismaleimide (BMI).102
Jeffamine 230 and 2000 were used as the main chain of the network. As an adhesive, 4.09 MPa of
shear-lap stress (with 1100 aluminum coupons) was reached. Scheltjens at al. reported that by
using FEG, BMI, and Jeffamine 400, a thermally reversible coating can be prepared.103 Due to the
reversible Diels-Alder linkage, this coating can be self-healed at a temperature of 130 °C. Recently,
Roels et al. also used a similar aliphatic diamine-epoxy system to prepare materials for 3D
printing.104 Highly viscous diamine, Jeffamine T5000, was used as the main chain molecule. The
printed objects showed a tough property with fracture stress of ~2 MPa. So far, most of these
Jeffamine-based materials present tough, but relatively weak strength, which might be due to the
relatively low concentration of DA bonds in the whole system since the DA moiety is diluted by
the large volume of Jeffamine. Meanwhile, the molecular weights of Jeffamines are not high
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enough to form chain entanglement, which is also very critical for the mechanical properties of
polymeric materials. Although different literature utilized Jeffamines with different molecular
weight, few reports have explored how the mechanical properties can be tuned by utilizing the
molecular weight of aliphatic diamines.
In this paper, a thermally reversible system based on BMI 1 (see Fig. 4.1) with up to 60
wt% fumed silica or tricalcium phosphate as filler was extruded into filaments and printed with
commercial FFF printers. Two commercially available diamines, Jeffamine D2000 and XTJ-542,
with different molecular weight (MW) poly(ethylene oxide) bridging groups were used to prepare
the precursor for the reversible thermoset. Mechanical properties such as modulus, strain/stress
behavior, and isotropy affected by both filler loading and the chain length of the network were
investigated. In addition, printed parts were post-cured to obtain an irreversible thermoset under
elevated temperature after being printed. The mechanism of the post-curing crosslinking was
investigated with model systems.

Figure 4.1 Synthesis of thermally reversible bismaleimide 1-co-furan 2a-b DA reversible
system (DARTN) for FFF.
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4.3 Results and discussions
4.3.1 Preparation of thermally reversible filament based on DA reaction
Assembly of the resin precursor must take into account the reactivity of the maleimide
groups used to prepare the cycloadduct weak-link and the potential for their side reactions during
materials preparation and processing. Ideally, the resin has covalent, irreversible linkages derived
from the reaction of the epoxide group with amine groups interspersed with the maleimide-furfuryl
cycloadduct weak links. The glycidyl modified precursor was prepared using literature methods,105
by reacting the bismaleimide 1 with glycidyloxymethylfuran. The resulting bis-adduct was then
mixed with Jeffamine D2000 to allow the thermosetting reaction between epoxy and amine groups.
However, this approach resulted in an intractable solid. Since the Jeffamine D2000 requires a
relatively high temperature (i.e. temperature higher than 100 °C) to react with epoxy with high
yield in an acceptable time, the reaction temperature was set at 120 °C. At these temperatures, the
maleimide groups, produced by the retro Diels-Alder of the adduct, react with amine group quickly
through Michael Addition to form an irreversible network (Fig. 4.2a). A model reaction between
Jeffamine D400, glycidol, and N-phenylmaleimide shows that when the amines were mixed
together with the epoxy group and maleimide group, most amines reacted with maleimide rather
than epoxy due to the rate difference (Figure 4.2b). After the reaction, the NMR spectrum of the
final mixture shows both peaks from glycidol (peaks a, b, and c) and N-phenylmaleimide (peak d).
However, the integral of peak d is much smaller than the integrals of peaks a, b, and c, which
indicates most of the maleimide was consumed. As a result, the precursor was first synthesized
(by FA and Jeffamine D2000) before mixing with BMI as described in the experimental section.
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Figure 4.2 (a) Formation of the irreversible network by BMI, glycidyloxymethylfuran and
Jeffamine D2000. (b) The 1H NMR spectrum of the mixture after reaction between Jeffamine
D400, glycidol, and N-phenylmaleimide.

Extrusion of the filament is a fundamental requirement for new polymers developed for
FFF. Extrusion of the DA reversible thermoset without any fillers suffered from low melt viscosity
at temperatures higher than 100 °C, making it impossible to collect any filament. At temperatures
lower than 100°C, extrusion resulted in filament with significant die swelling. In order to test the
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mechanical properties of the filler-free resin, ASTM type V tensile test coupons were prepared by
heating the resin until liquefied and casting it in Teflon molds. Introduction fumed silica content
significantly improved the extrusion of DA reversible thermoset filaments. By 20 wt% silica, the
melt viscosity was high enough to permit uniform, smooth filament to be extruded and collected
(Figure 4.3a). Filament quality also depended on the diamine precursor(s) used to prepare the resin.
When the resin was made only with Jeffamine D2000, the extruded filament required more time
to solidify compared to the material prepared using the precursor which also contains Jeffamine
XTJ-542. One explanation is that when the precursor was prepared only using D2000, the furan
groups are diluted by the long chain of D2000, which makes it slower to form the DA network
after retro-DA process. Meanwhile, the addition of XTJ-542 introduces a shorter chain into the
system to increase the concentration of furan groups to make it faster to reform the crosslinking
after extrusion. In order to meet the high standard of FFF printing, the silica content of the DARTN
was chosen as 25 wt% and 30 wt%. Under current mixing conditions, silica content higher than
30 wt% may cause some dispersion problems and affect the extrusion and printing quality. To
confirm the quality of the extruded filament, the diameter of one filament was measured at 10
different points randomly (Table 4.1). The average diameter was calculated as 1.63 mm. The small
standard deviation indicates the good quality of the FFF printing.

Table 4.1. Diameters of extruded DARTN filament (25 wt% silica, D2000:XTJ-542 = 2:1)
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Figure 4.3 (a) Extruded DARTN filament (contains 25 wt% silica), printed tensile test
coupons (contains 25 wt% silica), and a printed keyboard key (contains 55 wt% calcium
phosphate/5 wt% silica). (b) Average dimensions of printed tensile test coupons (0° and 90°,
contains 25 wt% silica) compared to designed values.
The printing quality was evaluated by comparing the dimensions of the printed coupons to
their designed dimensions (Figure 4.3). The average dimensions from both the 90° and 0° printed
test coupons are all close to the designed value with a small standard deviation which shows that
the DARTN filament can be printed in a well-controlled manner. The sharp edge of the printed
tensile test coupons also indicates that the current DARTN filament has the potential to reach high
printing quality. One thing that should be noticed is that there is a resolution limitation for DARTN
filament under the current system. When smaller objects were printed, some details, especially the
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corners or small angles, are not sharply defined. This is mainly caused by the decreased viscosity
and surface tension right after printing but before enough DA linkages were formed to solidify the
objects. Slightly increasing the silica content, decreasing the printing temperature, decreasing the
nozzle diameter, or increasing the cooling speed during printing may help improve the printing
quality for those small-sized printing.
It is well-known that either decreasing the distance between crosslinking points or
introducing a more rigid backbone can result in stronger materials.106 Therefore, the addition of
the XTJ-542 not only improved the extrusion ability of the DARTN but also becomes an effective
way to tune the mechanical properties of the printed DARTN. To inspect how shorter chains affect
the mechanical properties of the DARTN, measuring the gel fraction before tensile testing is
necessary to guarantee that each thermoset has a similar extent of crosslinking. Also, the gel
fraction test provides evidence about how long the printed DARTN needs to reach the stable
crosslinked status after the printing. The gel fraction was calculated based on equation 1. After 48
h stored at room temperature, the gel fraction of the thermoset reached a stable value which is
close to 90%. This demonstrates that [4+2] DA reaction between the furan and imide groups
reached a stable status. Further prolonging the storage period at room temperature does not help
increase the gel fraction. At the same time, the small variation of the gel fraction of samples
prepared using different ratios of XTJ-542 indicates that different ratios of XTJ-542 will not affect
the crosslinking degree significantly.
Gel Fraction =

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(1)
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4.3.2 Mechanical properties of printed DARTN with different multi-furan monomers and
different loading of filler
Since XTJ-542 has a much shorter chain than D2000, introducing XTJ-542 resulted in a
more rigid network which limited the failure strain but improved the tensile strength and modulus.
The introduction of shorter chains into thermoset increased the tensile stress from 7.45 MPa to
10.07 MPa when the ratio between XTJ-542 and D2000 increased from 1:4 to 1:2 (0 ° printed,
Figure 4.4a). As a compromise, the failure strain (0° printed) decreased from 2.58 mm/mm to 1.74
mm/mm when the portion of XTJ-542 increased. The change in tensile stress and strain with the
change of the crosslinker’s molecular weight is a common phenomenon in conventional thermoset
materials, such as the amine-epoxy system.107 For example, with the same epoxy hardening reagent,
the Jeffamine D-230 leads to a tensile stress of 64.8 MPa, and the Jeffamine D400/D2000 (2/1 vol
ratio) system only leads to a tensile stress of 11.7 MPa. This is because, as mentioned before, when
more longer chains are in the system, the lower crosslinking points per volume will be. Meanwhile,
the shorter chains also make the network more rigid, which leads to higher tensile stress and lower
failure strain. In addition, the relatively low tensile stress of all printed samples compared to
commercial plastics could be due to the molecular weight of the Jeffamine being below the chain
entanglement threshold.108
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Figure 4.4 (a) The typical stress-strain behavior of printed DARTN prepared using D2000 :
XTJ-542 = 2:1, 3:1, and 4:1. All samples contain 25 wt% silica. (b) Average tensile stress
and failure strain of tensile test coupons prepared using DARTN with different D2000/XTJ542 ratios.

Adding nano/micro fillers to polymer matrix is a common way to significantly improve the
mechanical properties of polymeric materials. Due to the limitation of the high viscosity, it is
difficult to reach high fumed silica content (e.g. > 15wt%) for conventional polymeric FFF
filament. Being benefited from the low viscosity at high temperature when retro-DA process
happens, 25 wt% and 30 wt% of fumed silica were mixed into the reversible thermoset to fabricate
the DARTN (D2000 : XTJ-542 = 2 : 1) for FFF printing, respectively. Compared to the Teflon
molded neat DA reversible thermoset, the tensile stress was drastically increased from 2.2 MPa to
10.1 MPa (0° printed) and 9.8 MPa (90° printed) when 25 wt% of silica was added (Figure 4.5b).
The tensile stress of pristine DARTN (2.2 MPa) is lower than most commercial thermosets, but
reasonable since the commercial epoxy-amine system with both Jeffamine D400 and D2000
(D400:D2000 = 2:1) only gives the tensile stress of 11.7 MPa.107 Increasing silica to 30 wt%
slightly increased tensile strength to 11.2 MPa (0° printed) and 11.6 MPa (90° printed). The
addition of the silica did not reduce the failure strain significantly, or the toughness, which
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indicates the good compatibility between the APTMS-SiO2 and the polymeric resin. Crosssectional SEM images reveal well-dispersed silica particles in a composite polymeric matrix
(Figure 4.6). Stretched traces (pointed out by white arrows) observed in cross-sections from neat
DA thermoreversible thermoset were not found in samples with high silica content, which suggests
that the silica particles held the polymeric matrix and improved the mechanical properties. It
should be noticed that small pores were observed on the cross-section which was possibly caused
by defects or small air bubbles that remained in the filament. Such pores will affect the mechanical
properties to some extent. It should be noted that when no surface modification was applied to
silica’s surface, aggregation of silica particles can be easily observed (Figure 4.6 (g)-(i)), especially
when the silica loading is high. Such aggregations introduce defects into the material, which will
potentially weaken the mechanical properties. Though, the current fumed silica content was only
reached 30 wt%, by introducing larger particles (e.g. ~2 μm calcium phosphate powder), the
filament with 60 wt% filler (55 wt% calcium phosphate/5 wt% fumed silica) can be extruded and
printed (Figure 4.7), which suggests the high filler capacity of this DA reversible thermoset.
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Figure 4.5 (a) Stress-strain curves of the DARTN with 25 wt% silica (D2000:XTJ-542 = 2:1)
printed with 0° and 90° orientations. (b) Average tensile stress and failure strain of DARTN
composites with different silica loading. (c) DARTN samples before and after tensile testing.
(d) A cyclic tensile testing result of DARTN with 30 wt% silica.
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Figure 4.6 SEM images of cross-sections of (a) DARTN with 30 wt% silica, (b) (d) (e)
DARTN with 25 wt% silica (D2000:XTJ542 = 2:1) under different Magnification, (c) (f)
DARTN without silica under different Magnification. (g) DARTN with 30 wt% pristine silica.
Defects (features in red circles) can be easily observed, (h) a zoom-in image of one defect,
(i) the silica particle aggregation in the defect region in (h).
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Figure 4.7 The typical stress-strain curve of DARTN with 60 wt% filler (55 wt% calcium
phosphate/5 wt% fumed silica)
Cyclic tensile testing of DARTN with 30 wt% silica was also conducted and demonstrated
that the printed thermoset shows an elastic nature (Figure 4.5d). After around 7 cycles of the tensile
testing to elongation of 110%, the stress-strain curves became almost stable. Decreased stress may
be caused by the small fracture generated in the testing.
To prove that the FGE was also grafted onto the silica’s surface during the synthesis of the
precursor, the silica particles were separated from the precursor matrix. The new peak at 946 cm1

in IR spectrum (Figure 4.8) indicates the presence of the grafted FGE molecules (C=C bending).

To further demonstrate that those grafted FGE may also react with BMI during the DA reaction,
the FGE functionalized silica was then heated in a BMI solution. The new peaks at 1714 cm-1
(C=O stretching) prove the possible covalent linkage between the FGE functionalized silica and
the BMI molecules, which suggests that the FGE functionalized silica may have the chemical
linkage with the crosslinked polymer matrix as well.
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Figure 4.8 FTIR spectra of pristine silica (OX50), aminopropyl silated silica (amino silica),
furfuryl modified-aminopropyl silated silica, and cycloadduct modified aminopropyl silated
silica.
One of the most important motivations to develop DARTN is to achieve isotropic FFF
printing. Unlike the FFF of conventional thermoplastics, the reversible cycloaddition chemistry of
the DARTN weak-link provides the opportunity to form the covalent bonds between layers during
the printing, and ideally, to form homogeneous and “layerless” printed parts. To quantify the
mechanical isotropy, the toughness of tensile test coupons printed under different orientations (90°
and 0°) was determined from the area under the stress-strain curves.97 The isotropy was then
calculated through equation (2).97
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 0° 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 90° 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(2)

For all printed DARTN samples prepared using a different portion of XTJ-542 or prepared
using different silica content, no significant difference in toughness was observed between the 90°
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and 0° printed coupons (Figure 4.9a). Consequently, the isotropy of different printed DARTN
samples reached nearly 1 is an indication that the DARTN printed samples have mechanical
properties independent of the printing orientations (Figure 4.9b). The smooth cross-section under
SEM also reveals the homogeneous printed objects. No separated layers were observed in any
cross-sections under SEM (Fig. 4.6). The mechanical properties of all samples tested were
summarized in table 4.2.

Figure 4.9 Toughness (a) and isotropy (b) of tested samples. Sample A: Jeffamine D2000 :
Jeffamine XTJ-542 = 4:1, 25 wt% of silica. Sample B: Jeffamine D2000 : Jeffamine XTJ542 = 3:1, 25 wt% of silica. Sample C: Jeffamine D2000 : Jeffamine XTJ-542 = 2:1, 25 wt%
of silica. Sample D: Jeffamine D2000 : Jeffamine XTJ-542 = 2:1, 30 wt% of silica.
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Table 4.2. Summary of mechanical properties of different DARTN. The samples containing 0wt%
silica can only be molded.

4.3.3 Irreversibility of DARTN after post-curing after printing
During preparation, heating of the DARTN was kept less than 20 min. More lengthy
heating (>1h) led to increased viscosity and irreversible crosslinking. NMR spectroscopic analysis
of a resin made from Jeffamine D2000 and FGE indicates that around 80% of the FGE has been
connected to the diamine which means nearly 40% of amine in the precursor is the secondary
amine (Figure. 4.10). Prolonging the reaction time or increasing the amount of FGE cannot
increase the connection of FGE to 100%. Therefore, it is reasonable that the Michael addition
between secondary amine and the imide group under elevated temperature may cause the
irreversible network. Although such irreversible nature is a limitation in sample preparation and
limits the recycling of the DARTN materials, it also provides a possibility to post-cure the printed
objects to increase mechanical properties at elevated temperatures.

101

Figure 4.10 1H NMR spectrum of product mixture after the reaction between Jeffamine
D2000 and FGE.
After heating at 140 °C for 12 h, the gel fraction (Figure 4.11b) of the test samples was
carried out followed by DMA and tensile testing. For DARTN, a noticeable falling of storage
modules can always be observed starting from around 110 °C, which matched the retro-DA process
between the BMI and precursor molecules (Figure 4.12a). After the post-curing, the peak of retroDA process disappeared which indicates the retro-DA process no longer existed. The increased
storage modules (from 600 MPa to 930 MPa at -100 °C, from 0.7 MPa to 20 MPa at 110 °C) also
indicate the different crosslinking of the post-cured samples compared to the original DARTN
printed samples. At the same time, the stress-strain curves present increasing modulus as well as
increased tensile stress and decreased failure strain (Figure 4.12b).
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Figure 4.11 (a) Gel fraction vs time of a sample without silica (D2000:XTJ-542 = 2:1). (b)
Gel fraction of different samples after extracted in DCM for 48 hours. (c) A demo behavior
of printed DARTN thin layer in DCM.

Figure 4.12 (a) DMA results of DARTN before and after post-curing. (b) Tensile testing
results of DARTN samples before and after post-curing.
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To better understand the post-curing mechanism, a model reaction between the synthesized
precursor and N-phenylmaleimide was conducted under the same conditions. Having a single
maleimide group can only lead to oligomeric cycloaddition products, which were analyzed using
1

H NMR (Fig. 4.13). After being heated at 140 °C for 20 min and cooled to room temperature, the

new peak at 5.39 ppm indicates the successful construction of the endo and exo linkage between
the precursor and N-phenylmaleimide. Only about 12% of unreacted furfuryl groups can be
detected by NMR. Further heating the matrix at 140 °C for 12 h makes double bonds of both the
DA product and imide groups disappear, but the furfuryl group remains suggesting that the
maleimide groups are being siphoned off by a side reaction. The appearance of broad aromatic
peaks from 7.55 to 7.35 ppm suggests that the N-phenylmaleimide is polymerizing. Considering
the number of secondary amine and imide groups in this system, it’s possible that the connection
between the secondary amine and the imide, as well as the connection between two or more imide
groups, was formed during the post-curing process which caused the irreversible network.
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Figure 4.13 NMR spectra of the precursor and N-phenylmaleimide mixture (a) before DA
reaction, (b) after DA reaction, and (c) after the post-curing process.

In order to investigate the reaction of secondary amines more quantitatively than is possible
with the Jeffamines, diisopropylamine was reacted with excess N-phenylmaleimide at 140 °C.
Almost no maleimide double bond was left in the 1H NMR spectrum (Figure 4.14b). Furthermore,
broad peaks in the aromatic region suggest N-phenylmaleimide may be oligomerizing. Although
the peaks at around 1 ppm and 2.7 ppm indicate that diisopropylamine was reacted and remained
in the product mixture after precipitate and vacuum drying, the mass spec result suggests that most
of the oligomers are formed by maleimide itself, which is reasonable since the amount of
diisopropylamine used in the model reaction compared to the N-phenylmaleimide is very limited.
Therefore, it can be concluded that in this model system, the major product is the oligomers formed
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by homo-oligomerization by N-phenylmaleimide (Fig. 4.15), and the Michael addition product
might be a minor species, especially if we consider the result from Figure 4.2b. The peak bundles
near 692, 865, 1039, 1212, and 1385 Dalton refers to oligomers containing 4, 5, 6, 7, and 8 Nphenylmaleimide molecules, respectively (Fig. 4.16). Although the product amount of Michael
addition is very limited, once there are secondary amines react with maleimide in the DARTN, the
irreversible network will be formed. It should be noticed that this homo-oligomerization was not
observed when the pure N-phenylmaleimide was heated at 140 °C. The similar phenomenon has
also been reported in a recent paper.109 The mechanism behind the oligomerization remains further
exploration. Moreover, the TGA results (Fig. 4.17) for both samples containing 25 wt% silica
with/without post-curing show almost the same degradation behavior indicating that there should
be no long-chain structure of polymaleimide since the polymaleimide usually has higher
degradation temperature (> 400 °C) compared to Jeffamines.110 The final weight higher than 25
wt% is because of the char formed under N2 atmosphere. Consequently, it can be expected that an
irreversible, much more rigid, and very complex network was formed during the post-curing
process (see Fig. 4.18 for possible structures).
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Figure 4.14 1H NMR spectra of (a) maleanil and (b) the products of reaction the reaction
between diisopropylamine and N-phenylmaleimide.
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Figure 4.15 Proposed product of the reaction between diisopropylamine and Nphenylmaleimide
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Figure 4.16 MS of products mixture of reaction between diisopropylamine and Nphenylmaleimide
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Figure 4.17 TGA results of samples (D2000:XTJ-542 = 2:1) containing 25 wt% silica
with/without post-curing process.

Figure 4.18 Possible crosslinking products after the post-curing process. The linkage
between silica and resin is not presented.
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Lastly, it should be noticed that, although a large number of secondary hydroxyl groups
was generated by the ring-opening of epoxy during the synthesis of the precursor, the possibility
of the reaction between the imide group and the secondary alcohol was excluded through a model
reaction between N-phenylmaleimide and 2-hexanol.
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4.4 Conclusion
In conclusion, an elastic DARTN was developed for FFF 3D printing. It is the first time
that the DA reversible thermoset can be extruded and printed using a commercially available
extruder and printer without any additional assistance. Being benefited from the retro-DA and DA
process, the covalent bonds can be formed between layers during printing which results in a
homogeneous and isotropic printed part. Importantly, due to the low viscosity at elevated
temperatures, the high loading of filler (30 wt% fumed silica or 55 wt% calcium phosphate/5 wt%
fumed silica) can be mixed into the resin with good dispersion to improve the mechanical
properties of the thermoset. More studies on applications based on high filler content filament can
also be expected. Post-curing of the printed parts at 140 °C will cause irreversible secondary
amine/imide crosslinking which can further initiate the self-polymerization of BMI. These
irreversible linkages enhance the mechanical properties of DARTN at elevated temperatures. We
believe that all the isotropic mechanical properties, high filler loading capacity, extrudable nature,
and the optional post-curing treatment make this 3D printable DARTN system have potential for
various applications in both academic and industry.
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4.5 Experimental procedures
4.5.1 Materials
(3-Aminopropyl)trimethoxysilane

(APTMS,

97%),

1,1

′

-(methylenedi-4,1-

phenylene)bismaleimide (BMI, 95%), epichlorohydrin (99%), calcium phosphate and furfuryl
alcohol (98%) were purchased from Sigma-Aldrich. Jeffamine D2000 (MW 2000) and XTJ-542
(MW 1000) were provided by Huntsman Corporation. Fumed silica, AEROSIL® OX 50, was
provided by Evonik Industries. All chemicals were used as received unless otherwise specified.
4.5.2 Synthesis of furfuryl glycidyl ether (FGE)111
In a 250 mL round bottom flask cooled with an ice bath, epichlorohydrin (21.435 g, 0.2317
mol) was added dropwise into 50 wt% NaOH (50 mL) mixed with tetrabutylammonium bromide
(TBAB, 750 mg, 0.0023 mol) under the cooling of ice bath. Then, furfuryl alcohol (12.585 g,
0.1283 mol) was dropped into the mixture in 30 min while cooling below 25 °C with an ice bath.
After stirring for 4 h, the mixture was extracted with using diethyl ether (3 x 50 mL). The combined
organic layer was washed with DI water (3 x 30mL) and brine. After drying with anhydrous
sodium sulfate and concentrated by rotary evaporation, the FGE was distilled under vacuum (1
mm Hg, bp. 60-65 °C) as a colorless liquid (yield = 76%). 1H NMR (CDCl3, 500 MHz): δ 7.41 (q,
J =1.2 Hz, 1H), 6.38-6.32 (m, 2H), 4.53 (dq, J = 12.9, 1.2 Hz, 2H), 3.76 (ddd, J = 11.4, 3.1, 1.1 Hz,
1H), 3.44 (ddd, j = 11.5, 5.8, 1.3 Hz, 1H), 3.16 (ddtd, J = 5.7, 4.2, 2.9, 1.3 Hz, 1H), 2.79 (ddd, J =
5.2, 4.3, 1.3 Hz, 1H), 2.61 (ddd, J = 5.1, 2.7, 1.3 Hz, 1H). 13C NMR (CDCl3, 125 MHz): δ 151.36,
142.87, 110.28, 109.55, 70.59, 65.05, 50.73, 44.30.
4.5.3 Synthesis of APTMS functionalized silica nanopowder (APTMS-SiO2).112
Silica was suspended in 10% HCl solution and stirred at room temperature overnight. After
filtration, the activated silica was washed with DI water and acetone followed by drying in a
vacuum oven at 120 °C for 12 h. For surface functionalization, silica (30 g) was suspended in
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anhydrous THF (350 mL) mixed with APTMS (1.5 g, 5 wt%). The mixture was heated to reflux.
After 12 h, the silica was filtered, washed using acetone, and dried in a vacuum oven at 120-130 °C
for 12 h. The functionalized silica was then grinded using mortar before storage.
4.5.4 Synthesis of the precursor with 4 furan groups with fumed silica
The synthesis of 4:1 molar ratio (D2000 : XTJ-542) precursor mixture with silica (25 wt%)
is described as an example: In a 250 mL round bottom flask, D2000 (10.473 g, 0.0052 mol), XTJ542 (1.309 g, 0.0013 mol), FGE (4.056 g, 0.0263 mol), and APTMS-SiO2 (7.0 g) were added. The
mixture was heated to 120 °C with mechanical stirring under sealed condition for 2 days. After
that, the RBF was placed in the vacuum oven at 120 °C overnight to remove any possible moisture
and a trace amount of unreacted small molecules. After cooling to room temperature, a translucent
and paste-like mixture was obtained. Procedures to synthesize precursor mixtures with different
molar ratios of D2000 and XTJ-542 were similar. The ratios for different samples were described
in Table 4.3.
Table 4.3. Different samples prepared with different ratios of diamine and fumed silica loading.

4.5.5 Preparation of Diels-Alder reversible thermoset nanocomposite (DARTN)
Preparation of 4:1 molar ratio (D2000 : XTJ-542) system with APTMS-SiO2 (25 wt%) is
described as an example: The oil-like precursor mixture was transferred into a 100 mL Teflon
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beaker followed with BMI powder (4.695 g, 0.0131 mol). This mixture was heated to 140 °C with
stirring. To prevent irreversible crosslinking, heating times were kept to 20 min upon which the
highly viscous mixture was transferred onto aluminum foil to cool. When the temperature fell to
between 60 – 80 °C, the mixture became semi-soft solid with a very tacky surface. Cooling the
composite to room temperature took between 30-60 min whereupon the surface of the composite
lost most of its stickiness. The resulting crosslinked nanocomposite was stored at room
temperature for at least 24 h before filament extrusion. Complete experimentals for D2000 and
XTJ-542 and the silica content in different samples are in Table 4.2.
4.5.6 Demonstration of resin attachment to silica surface
To demonstrate the covalent linkage between the resin and silica, the FGE functionalized
precursor/silica mixture (3.263 g) was dissolved in DCM (20 mL), then separated by centrifuge
(3000 rpm, 5 min) and washed with DCM (20 mL, 3 times) and THF (20 mL, 3 times). Centrifuge
(3000 rpm, 5 min) was used to separate silica particles between each wash. The washed silica (very
light yellow) was dried under vacuum, then transferred into a flask containing DMF (2.3 mL) and
BMI (0.671 g, 0.002 mol). With heating to 140 °C, the BMI was dissolved to form a yellow
solution. The mixture was then mixed at 140 °C for 20 min. Then the mixture was cooled to room
temperature, and DCM (20 mL) was added to dissolve any unreacted BMI before centrifugation
(3000 rpm, 5 min) and washing the silica with DCM (10 mL, 3 times). The silica was dried under
vacuum (< 30 mmHg, 80 °C). The BMI functionalized silica has a much more yellow color than
APTMS-SiO2 and the silica separated from precursor. The pristine fumed silica (OX 50), APTMSSiO2 (amino-silica), silica separated from precursor (FGE-amino-silica), silica functionalized by
BMI (BMI-FGE-amino-silica) were characterized using FT-IR. (O-H 3466 cm-1, C-H 2980 cm-1,
C=O 1714 cm-1, Si-O 1057 cm-1, C=C 946 cm-1)
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4.5.7 Extrusion of DARTN filament
DARTN was cut into small pieces approximately X mm in diameter to feed into the Filabot
ex2 filament extruder. The filament was extruded through a 1.85 mm die at 111 °C. In a typical
experiment, Around 20 grams of DARTN was extruded to afford 4-5 meter length filaments that
were light brown in color (~5 grams of DARTN remained in the extruder that cannot be extruded
completely). To better control the extruded shape, an additional fan was added to cool the filament
faster. No obvious Barus effect was observed under current extrusion temperature with an
optimized extrusion speed. The extruded filament was stored at room temperature for at least 24 h
before printing. For the DARTN composites with calcium phosphate powder, the filaments were
extruded at 105 °C.
4.5.8 3D printing of the DARTN filament via FFF
All FFF printing was performed with FlashForge Creator PRO 3D printer equipped with a
0.4 mm nozzle with a bed modified with a glass plate. The printer nozzle temperature for all silica
DARTN filament prints was set to 150 °C and the bed was set to room temperature. For filament
with calcium phosphate, nozzle temperature was set to 130 °C and the bed was kept at room
temperature. The extrusion multiplier was set to 1.3 for all the prints. The printing speed was set
to 2000 mm/min and the speed of the equipped mini fan was set to 30%. All prints were deposited
on a thin glass plate without raft. No supporting structures were needed. Prints were made with
rectilinear patterns with 0° or 90 ° printing orientation. The infill percentage was set to 100%. No
external cooling was used during the printing. For tensile testing, ASTM D638 TYPE V tensile
test coupons were printed. Printed objects were stored at room temperature for at least 24 h before
they were peeled off the glass plate.
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4.5.9 Molding tensile test coupons
Tensile test coupons (0 wt% of silica, D2000:XTJ-542 = 2:1) were prepared using a Teflon
ASTM D638 TYPE V mold. The reversible thermoset without silica was prepared using the
method above. After being heated at 140 °C for 20 min, the viscous liquid was transferred into the
Teflon mold and cooled to room temperature yielding transparent, orange samples.
Tensile testing
Tensile testing of both the printed and molded DARTN composites was conducted using
MTS with a 1000 N cell according to ASTM D638. The gauge length was set as 7.6 mm and the
testing rate was set as 1 mm/min. All the tensile testing was carried out to failure except the cyclic
testing.
4.5.10 Dynamic mechanical analysis (DMA)
DMA was performed on a Netzsch DMA 242 Artemis system using the compression mode.
Samples were cut into 3mm cubes. The surfaces of cubes were carefully smoothed using
sandpaper to guarantee the best contact with the sample holder. DMA testing was conducted from
-100 °C to 90 °C with a frequency of 1 Hz, 5 N force amplitude, and 20 μm displacement amplitude.
The heating rate during the testing was controlled at 3 °C /min. At least three samples were tested
for each composition.
4.5.11 Experimental details of model reaction
Synthesis of 1-phenyl-1H-pyrrole-2,5-dione (N-phenylmaleimide)
N-phenylmaleimide was synthesized according to a literature procedure.113 Maleic
anhydride (2.000 g, 20.39 mmol) was dissolved in 25 mL of diethyl ether. Aniline (1.900 g, 20.40
mmol) in 2 mL of diethyl ether was then added. After 1 h stirring at room temperature, the mixture
was cooled to 15 °C followed by filtration. The solid product was transferred into a Erlenmeyer
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flask (50 mL) and then mixed with acetic anhydride (6.7 mL, 70.9 mmol) and sodium acetate
(0.650 g, 7.92 mmol). The mixture was then heated in a water bath to obtain a solution and kept
for 20 min. After cooling to room temperature, the solution was poured into ice-water (13 mL) to
precipitate the product. The yellow solid was filtered and washed using ice-water (5 mL) and
hexane (5 mL) followed by drying the crystal in vacuum. Yellow needle crystals were obtained
by recrystallization from cyclohexane. Yield 60% (2.10 g, 12.12 mmol). 1H NMR (CDCl3, 500
MHz): δ7.50–7.33 (m, 5H), 6.85 (s, 2H). 13C NMR (CDCl3, 500MHz): δ169.62, 134.25, 131.26,
129.19, 128.01, 126.11.
Post-curing model reaction between precursor and N-phenylmaleimide
A furan functionalized precursor was firstly synthesized using FGE and Jeffamine D2000
under the conditions mentioned above (without silica). This precursor (0.290 g, 0.12 mmol,
suppose 80% of FGE has been connected to Jeffamine D2000 based on NMR) was then mixed
with N-phenylmaleimide (0.067 g, 0.39 mmol). The mixture was heated to 140 °C for 20 min and
then cooled and stored at room temperature for 24 h before characterizing with 1H NMR
spectroscopy. Then, the mixture was heated at 140 °C for 12 h then a second 1H NMR spectrum
was obtained without any purification.
Post-curing model reaction between diisopropylamine and N-phenylmaleimide
To a 10 mL RBF, N-phenylmaleimide (500 mg, 2.93 mmol) and diisopropylamine (30 mg,
0.3 mmol) was mixed with 5 mL of DMF. The mixture was heated and refluxed at 140 °C for 12
h. After the reaction, the solution was poured into methanol/water mixture to form the precipitate.
The purple solid was filtered and washed with methanol and dried in a vacuum oven at room
temperature overnight for NMR and MS analysis.
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4.5.12 Other characterization
Nuclear magnetic resonance (NMR) spectra were obtained using either a Bruker DRX 500
MHz or Bruker DRX 600 MHz spectrometer. Infrared (IR) spectra were obtained with a Thermo
Scientific Nicolet iS50R using MCT-A detector and a Harrick MVP-Pro™ Single Reflection ATR
Microsampler. Scanning Electron Microscope (SEM) images were taken using FEI inspect
scanning electron microscope. Low-resolution Mass Spec was performed using an amaZon SL.
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Chapter 5 Future work
5.1 Perspective of additive manufacturing of glass
Glass printing discussed in this dissertation has shown the potential for high-precision
imagining applications. However, as already mentioned in chapters 2 and 3, there are still many
things that can be studied or improved in the future. The first thing is the shrinkage which directly
affects the fabrication precision compared to the designed target. For the shrinkage, there are two
things that can be better studied in the future. One is to better understand the isotropy of shrinkage,
and another is to further lower the shrinkage.
Theoretically, no matter how high the shrinkage is, once it is isotropic shrinkage, it will
not affect the final fabrication precision. However, it is difficult to guarantee that the shrinkage is
always the same in all directions. There are many factors that can affect the isotropy of final
shrinkage. The very first part is the homogeneity of printing material. Since the LSR is already a
molecular resin, it should be beneficial to the isotropy of shrinkage. Besides the material itself, the
designed shape of printed parts may also affect the isotropy of shrinkage since the internal stress
during the thermal treatment is different in different locations, which may cause the different
shrinkage in different directions. Therefore, it would be necessary to better understand the
shrinkage behavior related to the parts' shape and internal stress so that the compensation in
different directions can be better set based on the shape of the designed parts. Some work has been
done which discussed how to use finite elemental analysis and molecular dynamics simulation to
predict the expansion, shrinkage, and other properties of glass or ceramic materials.114-116
Meanwhile, it would always be valuable if the shrinkage can be minimized. In chapter 4, it has
been discussed that the ratio of MMTS in LSR should not be too low so that the mechanical
properties of printed parts can be guaranteed, which means there is limited space to lower the
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shrinkage by decreasing the amount of MMTS lower than 6.5 mol% during the synthesis of LSR.
One way to further lower the shrinkage is to introduce silane molecules with a side chain not only
shorter than methyl methacrylate but also shorter than methoxy (OMe) group. To reach the target,
trimethoxysilane can be an ideal candidate since it only contains one H as the “side chain” beside
another three methoxy groups. The synthesis scheme can be described below in Figure 5.1. The
Si-H not only is a smaller group compared to OMe but may also introduce some expansion during
the thermal treatment since the O is a larger atom compared to H, which could further reduce the
shrinkage.

Figure 5.1 Scheme of synthesis of LSR containing trimethoxysilane

Another interesting topic that can be studied is changing the refractive index of fabricated
glass. In chapter one, it has been introduced that some metal alkoxide reagents have been utilized
in sol-gel chemistry to tune the refractive index of final glass. Since the LSR is also synthesized
through a sol-gel method, it would also be possible to introduce metal oxide into the final glass.
While there are different types of metal alkoxide that can be used, not all of them are suitable for
two-photon laser or normal UV curing process. For example, titanium oxide is a common material,
which can be obtained from titanium isopropoxide or titanium propoxide, to increase the refractive
index of the composite. It may not be the ideal candidate for UV curable resin since the titanium
component strongly absorbs the UV so that the material cannot be cured efficiently. On the other
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side, zirconium alkoxide or zirconium oxide has a much weaker ability to absorb UV light,
especially for light with a wavelength higher than 300 nm. Therefore, for photo-curable LSR, it is
more practical to introduce zirconium alkoxide to tune the refractive index of the final glass.
One thing that should also be noticed, especially if the printing time is very long, is that
the lower the humidity of the printing atmosphere is, the higher the printing quality will be. Since
the LSR itself still contains the moisture-sensitive Si-OMe group, it can absorb the moisture from
the air, and hydrolysis and condensation will happen slowly. Therefore, for applications that
require high precision, it is also important to consider the atmosphere's humidity. For very long
time printing tasks, it would be necessary to seal the LSR between two thin quartz slides during
the printing process so that it will not have a chance to react with water in the air.
Lastly, the current two-photon based printing technique is good for parting with a size up
to hundreds of micrometers. When larger-sized parts are required, DLP is a more feasible printing
technique that can be used. Since DLP can print one layer at the same time but not one point, it
should also boost the fabrication efficiency. Therefore, utilizing DLP to print LSR can also be an
important future direction.

5.2 Perspective of FFF of thermoreversible thermoset based on DA reaction
As what have been mentioned in chapter 4. One major drawback of reported DARTN is
that it has much lower ultimate stress compared to many other epoxy-based resins, although it has
a much better performance in ultimate strain. This feature limits the future applications of the
current DARTN when a strong material is required. Therefore, it would be valuable to keep
exploring similar systems with different molecules that participate in DA reactions. For example,
it has already been demonstrated that introducing a shorter chain can help increase the ultimate
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strain of DARTN (chapter 4.3.2), further exploration may include using more types of Jeffamine
with different molecular weights (e.g. Jeffamine D230 with M.W. 230; Jeffamine D400 with M.W.
430; Jeffamine ED600 with M.W. 600) to synthesize different multi-furan crosslinkers. Moreover,
small diamines, such as 1,3-diaminopentane, can also be used to synthesize much shorter multifuran crosslinkers, which should result in a much more rigid network.
When introducing multi-furans with different molecular weights, another important thing
that needs to be better studied is the reaction conversion after printing. It should be noticed that
the high gel fraction does not always mean the conversion of reaction between furan and maleimide
is high. However, the conversion of DA reaction can directly affect the mechanical properties.
Typically, within the same time, the shorter multi-furan molecules should result in a higher
conversion since it makes the whole system have higher concentrations of furan and imide groups.
When the system is in a solid status, it is possible that the system with multi-furan molecules with
high molecular weights will never reach a very high reaction conversion. Therefore, it would be
interesting and important to see, for systems with different multi-furan molecules, how the
conversion will change versus time and what the final conversion will be after long time of storage
after printing. The relationship between reaction conversion and mechanical can also be
established. In order to quantify the reaction conversion for this solid system, FTIR and solid-state
NMR will be used.
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