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Abstract

3D printing technologies are coming to the forefront of scientific, industrial, and public
attention as it allows customized manufacturing of complex parts with a high degree of control
over design, processing parameters, and time. However, compared to parts fabricated by traditional
methods, 3D printed composites typically show poorer mechanical strength and thereby increased
potential for material damage and failure during fabrication and use. Here, we incorporate self-
healing properties towards extending the lifetimes of 3D printed polymeric objects. Inspired by
biological self-healing, in which a damage event triggers an autonomic healing response,
microcapsules containing healing agents can be embedded into a host material. During a damage
event, these microcapsules rupture, release the healing agent, and heal the surrounding material by
polymerization, entanglement, or cross-linking. Double shell wall polyurethane/poly-(urea-
formaldehyde) microcapsules are synthesized by in-situ-interfacial polymerization. Microcapsules
with solvent and monomer core fluids are prepared to investigate solvent-healing and monomer
self-healing mechanisms. Microcapsules containing healing agents are either incorporated into the
host polymer matrix or are coated onto 3D printing polymer filaments to create 3D printed objects
capable of self-healing. Microcapsule distribution within composites is visualized using X-ray
Nano-CT imaging. Microcapsule survivability and self-healing properties of these composite
materials after 3D printing are evaluated via examining the healing efficiency and mechanical
strength of the 3D printed objects. These results lay the foundation for including self-healing
behavior into 3D printed polymer composites. Additionally, the application of 3D printing as a
platform for geoscience applications by using a variety of polymer materials to replicate reactive
porous media samples is investigated towards understanding of subsurface systems towards

improving the human and planetary conditions in the future.
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Chapter 1: Introduction

Chapter 1

Introduction

Chapter 1 Introduction

Polymers are materials made of many small molecules called monomers covalently linked together
to form long chain molecules of high molecular weight [1]-[3]. Goods and products made from
polymers are present all around us: polyurethane foam cushions, polyethylene cups, cloths of
synthetic fiber, acrylic paints and many more and thus, they have huge impact on our lives [4], [5].
However, high strength and stiffness equivalent to that of metal products is desirable for some
applications in aerospace, automotive, marine, electronics and biomedical industries while
maintaining the lower density of polymer materials [6]—[8]. This is where a key advantage of
polymer composites comes into play. Polymer composites are multi-material systems where
reinforcing additives are included within polymer matrices to achieve synergistic properties of
both polymer and the reinforcing material [9]. Thus, polymer composites are an increasingly
popular choice for structural applications due their high modulus, light weight, and excellent

performance.

In addition, additive manufacturing also known as 3D printing of polymer composites has
recently shown dramatic increase in both attention and industrial applications. The expansion of
interest is driven by its high degree of customization, ability to construct complex designs and due

to decreasing costs of 3D printing materials and equipment [10], [11]. Two popular choices of 3D
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Chapter 1: Introduction

printing techniques for polymer materials are: stereolithography (SLA) and fused filament
fabrication (FFF). FFF utilizes a polymer filament or wire that is extruded through a hot nozzle in
a layer-by-layer fashion to print an object from a 3D model and has found increasing application
for rapid prototyping. SLA also builds an object layer-by-layer but does so by using
photopolymerization. During SLA a beam of light is focused to a spot within a liquid resin bath
where it causes a reaction that forms the solid polymer. By controlling the light position and resin
chemistry, desired objects are printed from this liquid resin bath into the final solid object. SLA
printing has high resolution and excellent surface finish. However, 3D printing of polymer
materials remains somewhat limited due to limitations in mechanical properties and functionalities
of fabricated parts [12], [13]. Also, many of the polymer material options for 3D printing are not
intrinsically recyclable requiring disposal if they suffer any damage. During daily usage, polymer
materials face mechanical stresses, atmospheric oxygen, and moisture, etc., all of which can lead
to damage in the materials [14]. In nature, biological systems overcome these issues by using self-
healing as their strategy to heal the injuries [15]. Thus, taking inspiration from nature, here, we
aim to integrate self-healing properties with polymeric materials to extend lifetime of 3D printed

composite materials [16].

Another area where researchers in the geosciences have been using 3D printing to fabricate
porous media replicating the physical, hydraulic, mechanical and chemical properties of natural
samples. A wide variety of materials, including thermoplastics polymers, photosensitive epoxy
resin, etc., and printing methods have been explored to fabricate complex porous structures. So,
here we also aim to evaluate the rock sample replicate’s mineral reaction and precipitation within
the porous structures using different 3D printing methods, mimicking geochemical reactions from

geochemical systems.
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Chapter 1: Introduction

1.1. Objectives

1.1.1. Stereolithography (SLA) 3D printing of Self-healing Polymer Composites
Polymer-based components manufactured by stereolithographic-based (SLA) 3D printing tend to
show relatively poor mechanical strength compared to polymer-based components fabricated by
conventional methods such as compression molding. Some of this difference is tied to the
thermoset nature of typical SLA 3D printed materials, where high cross-linking density and brittle
material behavior can result in catastrophic material failure, limiting the lifespan of SLA 3D
printed composite materials. Previous studies have investigated potential techniques for improving
mechanical strength of SLA 3D printed polymer components such as the addition of various
strengthening fillers, however, few studies have investigated incorporation of self-healing
materials for SLA 3D printing to extend material lifetimes. In this dissertation, the use of a
microcapsule-catalyst self-healing system in conjunction with commercially available
photocurable resin towards increasing SLA 3D printed specimen lifetime and material
sustainability is investigated. Microcapsules filled with healing fluids are synthesized using in situ
interfacial polymerization and dispersed in commercial resin prior to SLA 3D printing of self-
healing composite specimens. The ability of these microcapsules to survive the SLA 3D printing
process intact is demonstrated and X-ray nano-CT imaging shows microcapsules to be distributed
throughout printed specimens. The self-healing behavior of these SLA 3D printed composite
materials is evaluated via quantification of mechanical properties, and healing efficiency. Overall,
this is a facile and promising approach for incorporation of self-healing behavior into SLA 3D

printing resins.
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Chapter 1: Introduction

1.1.2. Self-healing of High Impact Polystyrene Composites

Polymer composites are widely used in many industries due to their desirable, and commonly
superior properties. However, the replacement of damaged composite materials can be very costly
and time-consuming, motivating the development of self-healing composites that recover their
properties after a damage event. This work demonstrates the microcapsule-based self-healing of
compression molded thermoplastic high impact polystyrene (HIPS) composites using a non-toxic
and environmentally friendly solvent, ethyl phenylacetate (EPA). EPA is incorporated within
double-walled polyurethane-poly(urea-formaldehyde) (PU-UF) microcapsules which are then
integrated within the HIPS specimens. Flexure and fracture behavior, with and without
microcapsules, is used to investigate the microcapsules' impact on composite physical properties
and to determine the composite’s self-healing efficiency (up to 64%) after healing in response to
fracture. Overall, this work demonstrates the inclusion of self-healing properties in a commercially
important polymer material with a non-toxic and environmentally friendly solvent and motivates

further development of thermoplastic self-healing composites for industrial applications.

1.1.3. Fused Filament Fabrication of Self-healing Polymer Composites

Fused filament fabrication (FFF) is a widely used 3D printing process that is increasingly adopted
for prototyping and growing in popularity for manufacturing. Simultaneously, there is increasing
consideration of material lifecycles in choosing and designing materials and material processing
techniques. One approach to extending material lifetimes is enabling recovery of material
properties after damage through autonomous self-healing behavior. Here, we investigate
microcapsule-solvent based self-healing of high impact polystyrene, a common thermoplastic

polymer, towards increasing FFF printed specimen lifetimes and improving material sustainability.
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Microcapsules filled with environmentally friendly ethyl phenylacetate (EPA) are synthesized
using in-situ interfacial polymerization and coated on polymer filaments prior to FFF 3D printing.
The ability of these microcapsules to survive the FFF 3D printing process is demonstrated and the
self-healing behavior of FFF 3D printed composite materials evaluated via quantification of

mechanical strength and healing efficiency (up to 81% healing efficiency is achieved).

1.1.4. 3D Printing of reactive porous media

Increased atmospheric carbon dioxide captures outgoing infrared radiation (IR) from Earth’s
surface, leading to a subsequent increase in near-surface global temperatures. Therefore, scientists
are trying various ways to reduce carbon dioxide released into the atmosphere. Geologic carbon
sequestration secures carbon dioxide (COz) in deep geologic formations to prevent its release to
the atmosphere and contributes to climate change and global warming as a greenhouse gas.
Geological systems are heterogeneous, containing different layers of rock, differentiating in pores
and grains. Hence, to ensure the environmental sustainability of this option, we must understand
the rates and mechanisms of essential geochemical reactions. However, understanding the impacts
of porous media properties on geochemical reactions is challenging due to the highly
heterogeneous nature of rock samples. Therefore, one of the ways to replicate these reactive rock
samples and investigate the impact of mineral dissolution and precipitation on porosity and
permeability is 3D printing. 3D printing allows customized fabrication of complex 3D parts from
X-ray Micro CT images. This study uses the Fused filament fabrication 3D printing approach to
fabricate multiple replicates of identical pore structures. Here, to fabricate reactive porous media,
the surface functionalization approach is used. High impact polystyrene (HIPS) polymer is used

for surface treatment via sulfonation to present sulfonic acid moieties to seed the growth of calcite.
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Firstly, fabrication and surface functionalization of 2D polymer films shows the presence of polar
groups investigated by 'H-NMR and FTIR spectroscopy. And then, the precipitation of calcite
crystals on 2D reactive HIPS films is evaluated by X-ray Nano CT and XRD analysis. This
approach is extended to surface functionalization and precipitation of calcite crystals within 3D
printed pore structures. Overall, this study provides a platform to use a 3D printing approach for
creating reactive rock sample replicates to evaluate mineral reaction and precipitation within

porous structures, mimicking geochemical reactions from geochemical systems.

1.2. Organization

In Chapter 2, the necessary background information about types and mechanisms of self-healing
materials is presented and discussed in addition to a summary about additive manufacturing
technologies, their types and application for self-healing composites and an overview of the
research objectives of this dissertation. Also, background information on the use of 3D printing
of porous structures is presented. Chapter 3 discusses stereolithography 3D printing of self-
healing polymer composites. Chapter 4 discusses the self-healing of high impact polystyrene
composites, and Chapter 5 discusses the fused filament fabrication 3D printing for self-healing
polymer composites. Chapter 6 discusses the 3D printing of reactive porous media. Lastly,

Chapter 7 summarizes conclusions and presents plans for future study.
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Ch. 2 Background

Polymers and polymer composites can suffer damage during the manufacturing process or during
their daily usage. There can be many difficulties associated with detecting and repairing
composite material damage which can limit their application. To overcome these limitations,
self-healing properties may be incorporated in these polymer materials to prevent catastrophic
failure, heal minor damage, and extend material lifetimes. In this chapter, different approaches to
self-healing are detailed and major prior research on self-healing of polymer materials is
reviewed. Also, additive manufacturing of polymer materials using different techniques and
previous research on additive manufacturing of self-healing composite is discussed. Finally, the
research objectives including self-healing of polymer composites using different fabrication

techniques are presented.
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2.1. Additive Manufacturing

Polymer and polymer composites can be fabricated using various manufacturing techniques.
Conventional methods have limitations over polymers and composites manufacturing due to the
need for precise molds for every single design and inability to manufacture complex and
customized parts. Additive manufacturing (AM) has key advantages as it allows for production
of customized and complex polymer composites parts in an economical way [1]. Additive
manufacturing enables the production of complex part geometries generated by computer-aided
3D design with minimal material waste through the additive layer-by-layer fashion of
manufacturing [1]-[3]. There are a variety of different additive manufacturing technologies as
shown in Figure 1, many of which have found use for rapid prototyping for different industrial

applications [4], [5].

Process Acronyms | Feedstock Material Bonding and join
°° w Extrusion .
. L. Filament, .
| \ (or fused filament fabrication or | FFF, FDM rod. pellets Polymer Fused with heat
3 | fused deposition modeling) P
A Photopolymer, .
! Photopolymerization SLA Liquid metal, Sri;ee:t;vrlttl\i sli?;rr;t
| (or stereolithography) ceramics, '
¥ composite
- . . Ceramic, wax, | Cured with UV light,
Mate_nal Jettmg MJ (BJ) E’ou_vder, polymer, heat
(or Binder Jetting) liquid
metal, sand
-0/ - II\_AaamnlL:}ZtcetSri(z;leCt LOM Sheet Paper, metal, Joined with agent,
A4 (or Sheet Lamination) polymer heat and pressure
2 . . . Fused with laser and
?Im Selective Laser Melting SLM Powder Metal electron beam
!
L] .
) Fused with laser and
Directed Energy Deposition EEI\DA rgvrved‘er Metal electron beam
1 ]

Figure 2.1. Additive manufacturing processes. Reprinted (adapted) with permission from Ref.

[5]. Copyright 2020. MDPI Materials.
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2.1.1. Types of Additive manufacturing

In this dissertation, we focus on unique applications of 3D printing technologies, and so the
following is not focused on reviewing the various 3D printing technologies, however the
succeeding sections give a general overview of the primary technologies. For example, selective
laser sintering utilizes thermal energy to fuse a material powder into a solid part on a printing
bed in successive layers using high temperature laser to construct the structure. This process is
perhaps the least utilized for polymer materials, however it has found use for polyamide polymer
matrices with different types of fillers. For instance, Goodridge et al. have investigated the
impact of carbon nanofibers (CNF) addition on the processing parameters and mechanical
properties of laser sintered parts [6]. The second type of additive manufacturing technique is
through vat polymerization. UV light is used to cure a photo-resin in a vat using either a laser
(stereolithography) or 2D projector (digital light projection) to generate the structural pattern for
each layer. These vat photopolymerization techniques are commonly used techniques for printing
polymer composites, where polymer matrix materials are usually epoxy resin, polyester resin or
acrylate resin [7]-[10]. One advantage of this technology is the high resolution (25-100 pm) and
smooth surface finish, which favors its application in constructing smaller and complex devices
with high precision. However, one drawback is the rather limited number and type of available

resin materials as well as the high cost of high-performance resins.

The third type of process is through material extrusion. In material extrusion, filaments or
material paste is extruded through a nozzle, and deposited on a build platform in the form of
layers. The first category in the material extrusion is liquid deposition modeling. In liquid
deposition modeling, paste or liquid material is stored in syringe and deposited selectively on a

build platform based on the target design [1]. Shear thinning behavior is an important feature of
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material liquid deposition modeling as the material must be extruded smoothly through the
nozzle during the fabrication process but remain in a place once deposited at the target locations
[1]. While this technique is often cost effective, it requires specific rheological and viscoelastic
properties of the material and agglomeration of the dispersed phase (in the case of composites)
can lead to clogging of the nozzle [11]. Alternatively, inkjet printing is a similar process where
an ink is released from a nozzle by piezoelectric action where the subsequent evaporation of
solvent results in solidification of the material from the ink dispersion [12]. While both ceramic
components and complex polymer parts can be fabricated using inkjet printing [13], [14], it also
requires tight control over the material dispersion and utilizes delicate extruder heads and

expensive ink cartridges [12].

A second category of material extrusion is fused filament fabrication (FFF) or fused
filament fabrication (FFF). Fused filament fabrication is a well-known technology for fabrication
of prototypes and end-use parts of thermoplastic materials because of its simplicity, reliability,
and affordability [15]. In fused filament fabrication, thermoplastic materials are melted and
extruded through a nozzle where they subsequently cool and solidify in place to form the
targeted structure. A combination of the relatively broad variety of polymer materials and
polymer composites compatible with FFF 3D printing, and the fairly low cost of entry level FFF
printers has led to the popularity and comparably broader application of FFF 3D printing [16]—

[19].
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2.2. Materials design for inherent properties

3D printing is a challenging process, as several factors are employed for achieving superior
mechanical strength including material design, printing parameters, and post processing. The
following summarizes recent research in 3D printing of self-healing polymer composites which
allow materials to autonomously recover mechanical strength/toughness in response to a damage
event is discussed including different polymer systems and mechanisms used for fabricating self-

healing polymer composites.

2.2.1. Self-healing

All engineered materials are susceptible to deterioration, damages, and failure [20]. Damage in a
material can occur during the material processing, due to accidental external events or by wear
and tear during use [21]. Also, the combined impacts of heat, light, chemical medium, and
environmental factors can lead to degradation of materials [22]-[26]. In nature, biological
systems address this issue by self-healing, where the overall goal of living systems is to survive
and healing is the primary option used by animals and plants [27] —[29]. This influential
biological self-healing concept has inspired scientists to incorporate similar functionality within
synthetic materials to build “self-healing materials” [24], [25], [30]. Self-healing is an intrinsic
ability of a material to repair damage (partially or completely) and recover the lost or degraded
physical properties and functional performance of the material using the resources inherently
available to the material systems [27], [31], [32]. Self-healing thereby aims to increase the
robustness and prolong service life span of a material when repair or replacement of material is
economically not affordable, not possible, or unsafe [26]. The following sections describe self-
healing polymer systems which repair the injuries without human intervention, as inspired by

living materials, and their application to 3D printing of polymer composites [21].
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2.2.1.1. Types of Self-healing

Self-healing can either be an autonomous process where external intervention is not required or it
can be non-autonomous where external force, heat, [27], [28] organic solvent, [29]-[31] or UV-
light [32], [33] is necessary to initiate the process. Autonomous self-healing does not require
external stimulus to initiate the healing because the material damage itself is enough to trigger
the process [34]-[38]. Autonomous self-healing is valuable in difficult to access environmental
conditions such as inside devices like implants, deep sea pipelines, and for aerospace
applications [23]. Self-healing systems can be further categorized into two primary conceptual
approaches intrinsic and extrinsic. In intrinsic self-healing the material itself incorporates the
ability to heal via reversible bonding typically in presence heat or UV-light whereas in extrinsic
this ability is incorporated through addition of a second material such as a microcapsule or
microvascular network which incorporate the autonomic self-healing ability [21]. The type of
self-healing approach and its implementation impact the damaged volume that can be repaired,

the repeatability of healing at same location, and the speed at which the healing occurs [21].

2.2.1.1.1. Intrinsic Self-healing

Intrinsic self-healing materials recover from a damage event through inherent reversible bonding
or reversible reactions in the polymer matrix [21], [39]. Intrinsic self-healing does not require
addition of an external healing agent, avoiding many issues with incorporation of healing
systems in the material and their compatibility with the material [21]. One common route to
intrinsic self-healing materials is through reversible reactions such as reversible polymerization
of crosslinking where the polymer itself can be reversed to their monomeric or un-crosslinked
state during the damage event and subsequently repairs itself autonomously or utilizing an

external stimuli such as heat or light [40]. Intrinsic self-healing systems are capable of multiple
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healing events due to the repeatability of the utilized reversible reactions. However, as intrinsic
self-healing systems mostly rely on external stimulus (heat or light) their application space is
limited somewhat to material specific temperature windows or application specific accessibility
to light [39], [40].

One example of reversible reaction based intrinsic self-healing is through Diels-alder
cycloaddition [27], [28], [41]-[45]. Intrinsic self-healing has also been demonstrated utilizing
ionomer chemistries such as poly(ethylene-co-methacrylic acid) [46], [47] where thermally
assisted ionic interactions near the crack area lead to formation of clusters of ionic segments
resulting in self-healing [48]. Additional routes to intrinsic self-healing include incorporation of
reversible hydrogen bonds [49],[50] and molecular diffusion [51]. Intrinsic self-healing systems
are capable of multiple healing events due to reversible reactions. However, a majority of the
studies in intrinsic self-healing systems are limited to thermoplastic polymers which restricts its
application for heavy-duty systems due to their low strength, stiffness and low Tg [39]. Intrinsic
self-healing systems mostly rely on the external stimulus limiting their application in difficult-to-
access conditions [39] motivating future studies developing intrinsic self-healing systems

without external stimulus requirement or easily available external stimulus [39].
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Figure 2.2. Schematic representation of intrinsic self-healing materials: A) Reversible bonding
system based on reversible chemical reactions B) Chain entanglement based on structural
mobility and entanglement of polymeric chains around the damage area C) Non-covalent healing
scheme based on reversible hydrogen bonding, adapted from Blaiszik et al. (2010), Ref. [21].

Copyright 2010 Annual Reviews.

2.2.1.1.2. Extrinsic Self-healing
The type of autonomous healing is extrinsic self-healing, where healing fluids are incorporated in
the form of capsules or vascular networks that are isolated in a separate phase from the host

material. Extrinsic self-healing system contains encapsulated containers in form of capsules or
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vascular networks which release a healing fluid during the crack event and initiates the self-

healing process [52], [53].

a Capsule based b vascular

Figure 2.3. Schematic representation of extrinsic self-healing materials: a) Capsule based self-
healing materials b) Vascular based self-healing materials, adapted from Blaiszik et al. (2010),

Ref. [21]. Copyright 2010 Annual Reviews.

The first category in extrinsic self-healing is capsule based self-healing materials where a
healing fluid is stored inside discrete microcapsules [25]. Microcapsules are micron sized
particles consisting of one or more core reactive materials surrounded by a single or multiple
shell walls [53]. When these capsules are ruptured by a propagating crack, the self-healing
process initiates due to the release of healing fluid and subsequent reaction near the crack plane.
Microcapsule based self-healing systems are highly localized systems and can heal the crack
right where it is initiated, but its main drawback is that it is restricted to single damage event at
given site [54]. Additionally, the healing fluid is depleted after this one release, leading to a
singular local healing event [55]. Reactive materials are encapsulated using various techniques

including in-situ, interfacial polymerization, melt-dispersion or coacervation. In-situ and
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interfacial emulsion polymerization are common encapsulation techniques due to their simplified

process described below [37], [38], [53].

Microcapsule based self-healing systems can be achieved by different methods for
sequestering the healing agent(s). The first is a capsule-catalyst healing system, where the
healing fluid is an encapsulated monomer, and a corresponding catalyst is dispersed in the
polymer matrix. White et al. [25] demonstrated for the first time dicyclopentadiene (DCPD)-
Grubbs’ first-generation catalyst based self-healing system based on ring-opening metathesis
polymerization. These capsule-catalyst based systems have been incorporated into epoxy
matrices [56], [57] and epoxy composites [58] due to ability of poly(dicyclopentadiene) to form
cross-linked networks across the damage front leading to high healing efficiency [56]. Another
related approach is a multi-capsule system in which both core fluid and catalyst are encapsulated
separately and both microcapsules are incorporated in the composite. Multi-capsule self-healing
of elastomers has been reported by Keller et al. where platinum catalyst and
poly(dimethylsiloxane) (PDMS) monomer were encapsulated separately in different
microcapsules and dispersed in PDMS resin matrix to produce a self-healing composite material
[59]. Another capsule-based system utilizes a latent functionality of the polymer matrix itself
where microcapsules containing healing fluid are dispersed in the polymer matrix and during the
crack event, this incorporated functionality initiates the polymerization upon the release of
healing fluid. Self-healing coatings are a great example of capsule-based systems utilizing latent
functionality [60]. A different approach utilizing a latent system characteristic is solvent-based
self-healing [61]. In solvent based self-healing systems, the healing fluid is a solvent that uses its

solvation of the bulk polymer to initiate the self-healing. In solvent-based system, a crack in the
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polymer matrix releases the solvent to the crack site, locally dissolving the polymer leading to

rebonding of crack surfaces of polymer matrix on evaporation of the solvent [62].

The second category in extrinsic self-healing is vascular self-healing materials. Vascular
self-healing materials operate analogously to the above-described capsule-based systems,
however the store and distribute healing fluid through capillary sized hollow tubes in the form of
an interconnected network within the material [63]. For instance, vascular channels can be
incorporated using hollow glass fibers [64]. Vascular networks with multiple connectivity have
been prepared to have larger accessible reservoir of healing fluid and to attain easier refilling of
fluid after depletion [54]. A key advantage of vascular based self-healing system is the ability to
achieve repetitive healing of damage events due to high volume fraction of healing fluid and
interconnected delivery through the network [65]. However, these systems can also suffer
channel blockages that can restrict healing fluid access to new crack sites, fractured channels can
lead to large scale leakage that can soften the polymer matrix (plasticization), and incorporation

of interconnected vascular networks can be a complex endeavor [65].
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Figure 2.4. Schematic representation of microcapsule based self-healing materials, adapted from

Blaiszik et al. (2010), Ref. [21]. Copyright 2010 Annual Reviews.

2.2.1.2. Additive manufacturing of self-healing polymer composites

As discussed above, thermoplastics and thermoset materials have been used to fabricate polymer
parts or composites parts using different additive manufacturing technologies due to easy
accessibility of 3D printers and its ability to create complex and customized part in an
economical way. Thermoplastics are a popular choice for additive manufacturing due to their
flexibility, manageable melting temperature, and fast cooling rate and user-friendly safe
processing [66] . Poly(lactic acid) (PLA) is a common polymer used for 3D printing due to its

biocompatibility, renewability and low extrusion temperature favoring its application in
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biomedical industries [67]. Fabrication of PLA and PLA composites using fused filament
fabrication has been reported [68]. High impact polystyrene (HIPS) is another polymer
commonly used for 3D printing application due easy fabrication and machinability [68]. HIPS
has various benefits as a 3D printing material due to its high impact strength, high dimensional
stability, and low cost. It is used on a large scale to fabricate prototypes for design validation. It
is also used as support material during 3D printing of complex parts containing overhangs and
bridging. The main challenges faced by 3D printed thermoplastic materials are poor mechanical
properties, poor interlayer adhesion and delamination as compared to traditionally constructed
parts which in the long term can lead to material failure. For these reasons, thermoplastics are
genuine contenders for self-healing applications using additive manufacturing technologies. The
concept of additive manufacturing of self-healing composites is still new. For self-healing of
thermoplastic materials Villajos et al. reported on poly(ethylene-co-methacrylic acid) (EMAA)

copolymers reinforced with carbon nanotubes for 3D printing of self-healing composites [66].

The second category of polymer composites is thermoset polymer composites. Thermoset
polymers in the form epoxy and acrylate resins are popularly used for fabricating composite
material due to their excellent mechanical stability at elevated temperature, good chemical
resistance, and compatibility with commercial 3D printers [69]. Although, in the case of
thermoset materials it is not generally possible to recycle or reshape thermosets if they develop
damage. Moreover, in case of a thermoset polymer material, the brittle nature and high
crosslinking density of materials can result in catastrophic failure upon damage. Therefore,
researchers are trying to find ways to combine self-healing and 3D printing technologies for
recovering damages in thermoset polymer materials. Yu et al. studied self-healing properties in

elastomers by incorporating thiol and disulfide groups within the structure, which undergo
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reversible reactions enabling healing upon addition of force (0.5N), shown in Figure 3A, [70].
Liu et al. studied self-healing in 3D-printed double-network of Polyacrylamide (PAAm) in the
presence of k-carrageenan (Figure 3B), and demonstrated recovery of fractures upon heating the

samples at high temperature [71].

There are some limitations when it comes to 3D printing of hydrogel based intrinsic self-
healing systems, as it depends on external stimulus. Therefore, research on 3D printing of
autonomous self-healing polymer systems has been done and there are several studies reported.
In 2019, Sanders et al. reported on the self-healing of stereolithographic 3D printing of thermoset
composites using the solvent welding mechanism where self-healing of photocured commercial
resin was shown using anisole (solvent) filled microcapsules which showed 87% of fracture
recovery, shown figure 3A [72]. However, this route is dependent on the solubility of polymer
matrix in the solvent, and therefore a more approachable and viable route was investigated by
Shinde et al. (Chapter 3) [37]. In this study, Shinde et al. studied stereolithographic (SLA) 3D
printing of a self-healing composite system consisting of a commercial photocurable resin with
embedded catalyst (Grubbs’) and microcapsules containing dicyclopentadiene (DCPD)
monomer. This study provided a versatile platform for SLA 3D printing of self-healing
thermoset polymer materials as it does not require manipulation of the resin chemistry and has
less reliance on solvent for fracture recovery, shown in Figure 3C, [37]. Another route is
designing vascular self-healing networks as explained by Postiglione et al., where self-healing
polymers based on embedded microvascular networks are 3D printed and resin material is stored
in individual microchannel, which upon damage releases the material and diffuses through
cracks and heal the crack at microscopic and macroscopic level, shown in Figure 3D, where (a-1)

represent images of vascular microchannels and its self-healing after crack event [73].
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Figure 2.5. (A) Stereolithography 3D printing of self-healing thiol-based elastomer system,
showing disulfide bond-assisted self-healing process. Reprinted (adapted) with permission from
Ref. [70]. Copyright 2019 Springer Nature. (B) Direct ink writing of polyacrylamide (PAAm)
based hydrogel-based self-healing system in presence of k-carrageenan. Reprinted (adapted) with
permission from Ref. [71]. Copyright 2017 American Chemical Society. (C) Stereolithography
3D printing of autonomous self-healing microcapsule-based polymer composite system.
Reprinted (adapted) with permission from Ref. [37]. Copyright 2020 American Chemical
Society. (D) Dual extrusion 3D printing of micro-vascular networks using PVA polymers to
design self-healing vascular based system where (a-i) represent images of vascular
microchannels and its self-healing after crack event. Reprinted (adapted) with permission from

Ref. [73]. Copyright 2017 American Chemical Society.
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2.2.2. 3D Printing of Porous Media

Researchers in the geosciences have been using additive manufacturing to fabricate porous
media replicating the physical, hydraulic, mechanical and chemical properties of natural samples.
A wide variety of materials, including filament, thermoplastics, polymers, photosensitive epoxy
resin, etc., and printing methods have been explored to fabricate complex porous structures [74].
Creating the digital model, which is the first step in any 3D printing project, can be based either
on the design of an ideal porous media system or one extracted from real samples. In the first
approach, a simple fracture network or porous structure is designed in a computer-aided design
(CAD) software like AutoCAD, OpenSCAD, etc. [75], or an artificial digital porous model is
built by distributing 3D shapes (commonly spheres and cylinders) in a given volume based on a
prescribed algorithm [76], [77]. Then these models are converted into an object file which can be
read by the printing software. This approach provides the freedom to create various shapes and
structures to fit the desired experimental requirements. On the other hand, non-destructive
advanced imaging tools can be utilized to capture macro and micropores from undisturbed soil
[78], [79], sandstone [80], [81], or shale [82], [83] samples. Nowadays, high-performance
computers and advanced imaging tools like 3D X-ray computed tomography (X-ray CT) can
reconstruct 3D models of pore geometries of natural samples at high resolution (microns). The
3D images can be segmented and further processed to create a 3D mesh for printing. After
printing and post-processing, the printed samples can be imaged again in 3D to extract various

properties.

The quality of the printed specimens can vary with printing approach and material, even
between replicates. Comparing binder jetting, fused filament fabrication (FFF) and

stereolithography apparatus (SLA) methods, Almetwally & Jabbari observed samples printed
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with a gypsum-based ProJet printer with binder jetting technology had the closest porosity and
permeability to the real sandstone sample [84]. In a later study, they observed SLA 3D printing
also provides precise porosity and permeability [75]. It should be noted, however, that some
studies have observed a lower porosity in SLA printed specimens compared to the original
samples due to trapping of residual resin in micropores [85], [86]. Post-processing steps, like
pressurized flushing with ethanol, have been shown to improve porosities for SLA printed
replicas of sedimentary rock [85]. Kong et al. employed a binder jetting printing system with
silica sand as the base material to study the microstructure in sandstone samples [87]. They
observed a variation in porosity in the printed sample compared to the real Berea sandstone
sample; however, the pore size distribution of the printed sample agreed well with the real

sample.

3D printing has also shown utility to investigate hydraulic properties of soil samples
where experiments can be challenging due to alteration of internal pore structures. Bacher et al.
explored the use of four different 3D printing techniques: fused filament fabrication (FFF),
selective laser sintering (SLS), PolyJet and stereolithography apparatus (SLA) to replicate
macropore networks in undisturbed soil samples for water and solute transport experiments [78].
They used acrylonitrile-butadiene-styrene (ABS), alumide and polyamide, high detail resin, and
prime gray epoxy resin as printing materials and measured the hydraulic conductivity of the
printed samples using the constant head method [78]. Out of the five materials, the specimen
printed using the prime gray epoxy resin material was free of residual clogging and hence had
the largest and most similar hydraulic conductivity to that of the original undisturbed soil sample
[78]. They also noted that the SLS technique is prone to micropore clogging by the residual

unsolidified printing material that needs to be removed by mechanical means [78]. Hence this
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method is unsuitable for investigating hydraulic and solute transport properties unless the
clogging issue is resolved [78]. Dal Ferro & Morari did a similar study aiming to fabricate
porous media reflecting the hydraulic conductivity of soil samples utilizing the MultiJet 3D
printing technology using resin containing an organic mixture as the printing material [79]. The
resulting printed prototype had a one order of magnitude higher saturated hydraulic conductivity
compared to the undisturbed soil sample. The observed higher hydraulic conductivity likely
result from microstructure printing limitations where Ishutov et al. noted that a minimum pore
throat diameter of 400 um can be printed accurately with stereolithography 3D printing

technology [85].

The macroscopic response of hydraulic properties due to changes in the pore network
structure can also be investigated by manipulating printing mesh of porous media. Head &
Vanorio successfully tested two different 3D printers, a stereolithography desktop printer and
MultiJet industrial printer, to explore the ability to manipulate printed microstructures and
measure the changes in flow properties [88]. For both printers, they used photosensitive resin as
the printing material [88]. They downscaled a vertically connected pore structure in a carbonate
sample to mimic the pore volume compaction and observed a decreasing trend in measured and
simulated permeability with decreasing porosity [88]. However, for the dissolution model, they
enlarged the pore throat diameter without changing the overall length and noted a dramatic

change in permeability for a minor change in porosity [88].

Additive manufacturing has also shown utility for investigating rock mechanics. Jiang &
Zhao studied the unconfined compressive strength (UCS) and direct tensile strength (DTS) of
specimens with different shapes and structures printed by FFF using PLA [89]. Their study

found that under compression the specimen exhibits more ductile behavior, and in tensile
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strength tests, it tends to be more brittle [89]. Similar stress strain behavior of printed samples to
natural rock samples as measured with the mechanical compressive strength test was noted in by
Jiang et al. who used a ProJet printer with sand powder and binder material [90]. Moreover, the
crack propagation also agreed well with the fracturing behavior of real rock samples under
compression. The binder material plays a critical role in the UCS of printed specimens as noted
in Hodder et al. for sandstone samples fabricated using an M-Flex sand printer using silica sand
coated with p-toluene sulphonic acid (activator) as the base material [91]. Upon addition of the
binder material (main component furfuryl alcohol), a condensation reaction takes place, creating
polymer necks between the solid grains [91]. UCS tests conducted on the cylindrical replicas
showed an increase in the UCS with a higher amount of binder material, however above 8 vol%,

they saw instability as the binder material started to clog the pore network and fracture [91].

Printing porous media with geochemically reactive properties was first explored in
Anjikar et al. as a means to enhance understanding of geochemical reactions in porous media
[80]. They replicated a sandstone sample using the FFF using novel reactive filament fabricated
by combining high-impact polystyrene and calcite at varying amounts [80]. 3D images of the
printed specimens revealed that the amount of calcite in the printed sample agreed well with the
amount mixed with filament; however, the normalized calcite surface area in the printed sample
was an order of magnitude lower than real samples having similar amount of calcite. The
resulting accessible calcite surface areas, however, agreed well with those determined for real
sandstone samples in the literature suggesting this is a promising means of creating reactive

porous media specimens [80].
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2.3. Research objective

Employing current approaches of self-healing materials, we propose to seek development of self-
healing composites using additive manufacturing technologies to investigate the relationships
between microcapsule molecular design, microcapsule incorporation within filament (for FFF)
and resin (for SLA), and microcapsule healing efficiency of 3D printed polymer composites.
Thus, in this work, robust fluid-filled, self-healing microcapsules are prepared by in-situ-
interfacial polymerization using previously established methods [71], that can survive 3D
printing process. Once self-healing microcapsules have been synthesized, they will be
incorporated into the bulk polymer to evaluate their stability within the polymer and their effect
on overall material properties. These microcapsules loaded polymer specimen or uncured resin
formulations are used to develop 3D printed self-healing composites. Here, the durability of
microcapsules when incorporated into the host polymer is a critical element in their overall
performance and especially towards their application in 3D printing where processing conditions
(namely temperature and flow-imposed shear stresses) pose distinct challenges compared to
traditional self-healing composites which is investigated by thermogravimetric analysis or

solvent extraction method and by 'H nuclear magnetic resonance (NMR) spectroscopy.

Dynamic Mechanical Analysis (DMA) tests of the 3D printed self-healing composites is
performed to ascertain the microcapsules’ impact on the modulus and glass transition
temperature of the host polymer. Once it has been established that the microcapsules do not have
a deleterious effect on the polymer matrix material properties, the healing efficiency of the
microcapsule-loaded system, as a function of microcapsule size and concentration is
investigated. Healing efficiency is calculated as the ratio of healed fracture toughness (i.e.,

fracture toughness after healing) to virgin fracture toughness: n = Ko healed/Ko virgin.
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Specimens will undergo an initial fracture test to determine their virgin fracture toughness. They
will be allowed to heal for fixed time intervals and then retested to determine the properties after
healing occurs. The results of these tests will identify the optimum microcapsule concentration

needed for quick and efficient self-healing to be evaluated for additive manufacturing.

Another goal of this project is to enhance understanding of mineral dissolution and
precipitation reactions and impacts on porosity and permeability in porous media using 3D
printing approach. Therefore, to achieve that, main objective of this research is to utilize 3D
printing to fabricate reactive porous media using fused filament fabrication technology and study
the impact of variations in porous media structures and flow rates on where, within individual
pores and the greater pore network, mineral reactions occur and the corresponding change in
porosity and permeability. The approach will be used to create a series of 3D printed “reactive”
porous media and carry out replicate laboratory mineral dissolution and precipitation
experiments on these samples measuring permeability evolution and use imaging to identify the

time lapsed evolution of porosity.
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healing Polymer Composites

Reproduced from: Shinde, V. V.; Celestine, A. D.; Beckingham, L. E.; Beckingham, B. S.
Stereolithography 3D Printing of Microcapsule Catalyst-Based Self-Healing Composites. ACS
Appl. Polym. Mater. 2020, 2 (11). https://doi.org/10.1021/acsapm.0c00872.

3.1. Introduction

Stereolithographic (SLA) 3D printing of thermoset polymers for industrial applications has been
rapidly evolving over the last decade [1]-[5]. The expansion of interest is driven by its high degree
of customization, ability to construct complex designs with high precision and excellent surface
finish [6], [7]. SLA 3D printing builds an object layer-by-layer by using photopolymerization.
During SLA, a beam of light is focused to a spot within a liquid resin bath; activating a
photoinitiator that begins the polymerization process. By controlling the light position and resin
chemistry, desired objects are printed from this liquid resin bath into the final solid object; the
objects’ architectures are manipulated utilizing a variety of computer-aided design (CAD)
programs [8]. Crosslinking of 3D printed structures leads to various properties including high glass
transition temperature, high modulus, good solvent resistance, and high tensile strength [9]. In
conjunction with the increasing ease and accessibility of 3D printing processes, the interplay of
these properties have led to extensive use of 3D printing of thermoset resins for rapid prototyping

for industrial applications and as matrix materials for reinforced composites. However, 3D printing
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of thermoset polymer materials remains constrained by limitations in mechanical properties and
functionalities afforded by the various SLA resin chemistries as compared to traditionally
constructed components [6], [7]. The crosslinked nature of SLA printed specimens leads to
relatively low toughness and elongation resulting in brittle fracture and catastrophic material
failure which, combined with poor resistance to crack initiation, limits the useful life of these SLA

3D printed materials [10]-[12].

Additionally, many options for 3D printing of thermoset polymer materials are not
intrinsically sustainable or recyclable due to their crosslinked networks requiring disposal if they
suffer any damage during processing or use. In nature, biological systems overcome this issue by
using self-healing as their survival strategy to heal injuries [13]. Thus, taking inspiration from
nature, we investigate the fabrication of self-healing thermoset composites using SLA 3D printing
to extend material lifetimes. Self-healing materials can be categorized as either intrinsic or
extrinsic [14], [15]. Intrinsic self-healing materials repair damage using latent functionality of a
polymer material and recover the material’s properties either by reversible polymerization,
hydrogen bonding or molecular diffusion and typically requires an external trigger to initiate the
healing [16]-[19]. Extrinsic self-healing materials repair their damage without external
intervention using embedded healing materials in the form of microcapsules or vascular capillaries
containing healing fluids [20]-[23]. During the fracture event, healing fluid releases into the
damage site and seals the crack by polymerization or entanglement process [24]. As intrinsic self-
healing systems work on the principle of molecular diffusion, they are typically limited to
thermoplastic materials and elastomers [21]. However, in the case of microcapsule-based self-
healing, thermoset polymers can also be used, as molecular diffusion of polymer chains is not a

requirement for healing [19]. In 2001, White et al. showed for the first time autonomous, extrinsic,
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microcapsule-based self-healing by embedding Grubbs’ catalyst particles and dicyclopentadiene
(DCPD)-filled microcapsules into an epoxy matrix [21]. When microcapsules are ruptured, DCPD
fluid releases to the crack location and with the help of a catalyst, it forms crosslinked networks
around the crack plane, healing the fracture and restoring mechanical integrity of thermoset
materials [21]. Since that first demonstration, several studies have explored different encapsulation
chemistries in microcapsule synthesis, and their capability of healing fractures within polymer

matrices or at the polymer-fiber interface in composites [20], [21], [25]-[32].

Recently, coupled with the increasing interest in 3D printing technologies, there has been
increasing attention paid to improving material properties and incorporating functionalities
developed for traditional composites into 3D printing platforms [33], [34]. Studies on 3D printing
of self-healing thermoset polymer composites have only recently been reported [24], [35]-[37].
For instance, Yu et al. included self-healing properties in elastomers by incorporating thiol and
disulfide groups within the structure; which undergo reversible reactions enabling healing.’” Also,
direct 3D printing of hydrogels for developing strain sensors for wide applications in health
monitors, sports, and electronic skin have been reported [38]-[41]. However, these reports typically
use intrinsic physical and chemical properties of the matrix polymer or external trigger such as
heat to initiate self-healing [37], [38]. In addition, in 2019, Sanders et. al. reported on the self-
healing of stereolithographic 3D-printed thermoset composites using anisole (solvent) filled
microcapsules to enable self-healing upon microcapsule rupture; a solvent welding mechanism
[24]. Using this route, a healing efficiency (ratio of fracture toughness of healed material to that of
the virgin material) of 87% was achieved after 3 days [24]. However, this route is dependent on
solubility of matrix resin in the solvent. The use of solvent-healing cannot be generalized for all

resin materials as the requisite solvent characteristics for each resin material will vary based on
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their solubility parameter. Moreover, the presence of solvent can soften the polymer matrix after
the healing process [25], [42]-[44]. These drawbacks can be overcome by using a microcapsule-
catalyst system, the focus of this work, where healing requires dispersed catalyst for
polymerization of an encapsulated monomer (healing fluid) to provide self-healing in response to
a damage event. In addition, such microcapsule-catalyst systems can be used for a wide variety of

thermoset resins as it is essentially independent of the matrix material chemistry.

Herein, we demonstrate stereolithographic (SLA) 3D printing of a self-healing composite
system consisting of a commercial photocurable resin with embedded catalyst (Grubbs’) and
microcapsules containing dicyclopentadiene (DCPD) monomer. The mechanism of this system
relies on monomer (DCPD) release at the fracture site and its subsequent catalytic polymerization
to restore mechanical properties and local structural integrity of the surrounding polymer matrix.
This autonomous self-healing mechanism of microcracks within 3D printed composite structures
can enable retention of material matrix integrity towards preventing or delaying mechanical failure
of SLA 3D printed materials. Microcapsule survivability after SLA 3D printing is demonstrated
using 'H nuclear magnetic resonance (NMR) spectroscopy. Microcapsule dispersion in the
polymer matrix and response to induced fracture and fracture sealing is characterized using optical
microscopy, scanning electron microscopy (SEM), and 3D X-ray Nano-CT. Self-healing behavior
of these 3D printed composite structures is investigated using single edge notch bend (SENB)
tests, demonstrating recovery of material’s fracture toughness over 72 hours. Overall, this
investigation demonstrates SLA 3D printed self-healing composites based on microcapsule-
catalyst autonomous self-healing are a promising and flexible approach for fabricating 3D objects

with self-healing characteristics.
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3.2. Experimental Methods

3.2.1. Materials

All chemicals and solvents were used as received unless otherwise noted. 1st generation Grubbs’
catalyst and Ethyl phenylacetate (EPA) were purchased from Sigma-Aldrich. Polyurethane (PU)
prepolymer (Desmodur L 75) was graciously donated by Covestro. Desmodur L 75 is a prepolymer
solution in ethyl acetate with a reported equivalent weight of 315 g and an isocyanate content of
13.3 + 0.4 wt.%. Ethylene-maleic anhydride (EMA) copolymer (Zemac-400) powder was
purchased from Polyscience Inc. and used as a 2.5 wt.% aqueous solution. Dichloromethane, urea,
ammonium chloride (NH4Cl), and sodium hydroxide (NaOH) pellets were purchased from BDH
chemicals. 0.5 N NaOH and 0.5 M hydrochloric acid solution were prepared and used to adjust
the pH of the emulsion. Formaldehyde solution (formalin, 37 w/v %) was purchased from BTC
chemicals. Dicyclopentadiene (DCPD) and hydrochloric acid (95% purity) were purchased from
Merck Chemicals. 1-Octanol was purchased from Fischer Chemicals. Anycubic SLA UV curing
resin was purchased from Shenzhen ANYCUBIC Technology Co., Ltd.. Isopropanol and acetone
were purchased from VWR. Deuterated chloroform (CDCI3) was purchased from EMD Millipore.
All solvents and chemicals used for preparation of EMA solution, acid and base solutions and 1-
octanol were of analytical grade.

3.2.2. Preparation of PU-UF microcapsules with DCPD core fluid

Double-walled microcapsules were synthesized following the general procedure of Caruso et. al.??
which synthesizes polyurethane/poly (urea-formaldehyde) (PU-UF) microcapsules in a single
batch process. The procedure combines in-situ poly(urea-formaldehyde) microencapsulation with
an interfacial microencapsulation using a PU prepolymer (Desmodur L 75) [22]. Briefly, 2.5 wt.%

of poly (ethylene-alt-maleic anhydride), EMA, in water was prepared by adding 3.75 g of EMA to
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150 mL of water and allowing to stir for 24 hours. 50 mL of this 2.5 wt.% aqueous solution of
EMA copolymer and 200 mL of deionized water were blended at 550 rpm with a magnetic stirrer
in a 500 mL beaker placed in a temperature-controlled water bath (25 °C). Under blending, 5.00 g
urea, 0.50 g ammonium chloride and 0.50 g resorcinol were added sequentially to the previous
solution. The pH was raised from ~2.60 to 3.50 by drop-wise addition of 0.5 N sodium hydroxide
solution. One to two drops of 1-octanol were then added to expel surface air bubbles. Separately,
3 g of Desmodur L-75 was dissolved in 20 mL of dichloromethane in a water bath maintained at
80 °C. Subsequently, 60 mL of dicyclopentadiene, DCPD was slowly added to this solution, and
the solution was stirred continuously for an hour before adding to the above-described aqueous
solution to form an emulsion under stirring for 10-20 min. Once stabilized, 12.67 g of 37 wt.%
aqueous solution of formaldehyde was added to achieve a 1:1.9 molar proportion of formaldehyde
to urea. The emulsion was covered with aluminum foil and heated to 55 °C with continuous mixing
at 600-800 rpm. Following 4 hours of mixing the hot plate was turned off and the solution was
cooled to room temperature. Microcapsules were then captured from the suspension with a coarse-
fritted funnel under vacuum, washed with deionized water, and air dried for 24—48 h. After drying,
microcapsules were sieved using a stack of laboratory sieve trays with mesh sizes of 90 um, 106
pm, 150 um and 212 pm under mechanical shaking to isolate fractions of the synthesized
microcapsule size distribution. A batch of EPA-containing microcapsules was also prepared using
an analogous procedure for inclusion in SLA 3D printed specimens for X-ray Nano-CT

characterization to ensure microcapsule stability during shipping and handling, details below.

3.2.3. Characterization of neat microcapsules
Optical microscope images of microcapsules were captured using an OLYMPUS 52X7 optical

microscope at varied magnifications and analyzed for microcapsule diameter (175 microcapsules)
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using Imagel. Thermogravimetric analysis (TGA) was carried out on a TA Instruments Q500
equipped with an autosampler to evaluate thermal stability of microcapsules. TGA samples were
heated at a rate 10 °C/min from 25 to 600 °C under nitrogen flow.

3.2.4. SLA 3D printing of microcapsule-containing composites

Double-walled DCPD microcapsules of average diameter of 96 um + 11 were used to probe
microcapsule-composite material self-healing capabilities. Formulations of microcapsules (5
wt.%) in commercial ANYCUBIC resin were prepared by addition of the microcapsules and 0.5
wt.% of 1st generation Grubbs’ catalyst to the resin, followed by mixing the dispersion at 500-600
rpm for 10-15 minutes to distribute the microcapsules and catalyst in the resin. The mixture was
poured into the resin tank of an ANYCUBIC SLA printer and an STL file of a desired 3D structure
was loaded into the ANYCUBIC Photon Slice64 software, provided by ANYCUBIC to generate
a photon file, and a layer height of 100 microns was selected. Finished prints were immediately
washed with isopropyl alcohol to remove uncured resin on the outer surface of the specimen, and
the sample was placed under a UV lamp for 3-5 minutes for finishing. Rectangular composite bars
of dimensions 52.8 mm X 12 mm x 6 mm were 3D printed and used for mechanical testing, SEM,
and confirmation of microcapsules surviving the printing process. Solid cubes (20 mm x 20 mm
x 20 mm) and cubical grid lattices (15 mm x 15 mm x15 mm) were 3D printed with and without
EPA-containing microcapsules and used for X-ray Nano-CT characterization, details below.

3.2.5. Characterization of 3D-printed self-healing composites
3.2.5.1. 'H Nuclear Magnetic Spectroscopy

The survivability of the microcapsules in SLA 3D printed composite specimens was evaluated
through the release of the core healing fluid (DCPD) after mechanically crushing specimens.

Fabricated SLA 3D-printed specimens containing 5 wt.% microcapsules and 0.5 wt.% catalyst
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were physically crushed and rinsed with CDCIls. The CDCls rinse was filtered to remove SLA resin
debris and catalyst. The filtrate was loaded into an NMR tube, and characterized using low-field
(60 MHz) '"H NMR spectroscopy. 'H-NMR spectra were collected on an Oxford Instruments

Pulsar 60 MHz spectrometer.

3.2.5.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed using a Zeiss EVO50 SEM to visualize the
fracture plane of a SLA printed composite containing monomer filled microcapsules. The fracture
surface was obtained by cutting the specimen with a Buehler Isomet 1000 precision cutter, and
washing with isopropyl alcohol to remove any residual DCPD monomer released by microcapsule
rupture. Cut specimens were then sputter-coated with gold using an EMS 550X Auto Sputter
Coating Device with carbon coating attachment prior to analysis.

3.2.5.3. X-ray Nano-CT

X-ray Nano-CT is non-destructive technique to visualize the inner morphology of materials. Here,
X-ray Nano-CT is used to visualize the presence and distribution of microcapsules within 3D
printed composites. X-ray Nano-CT images of square samples (2 cm x 2 cm x 2 cm) printed with
and without 5 wt.% EPA-containing microcapsules with a mean diameter and standard deviation
(determined by optical imaging analysis) of 129 pm + 16 pm were obtained at the University of
Florida Research Service Center with a Nano-CT-GE V/TOME/X M 240 with an image resolution
of 21.4 um. Acquired images of the solid square cubes were segmented into microcapsule and
matrix polymer voxels by intensity using MATLAB where the threshold was determined manually
in ImageJ. The image stack was then converted into a 3D binary image and the properties of
microcapsules analyzed using bwconncomp in MATLAB to determine the volume and centroid

location of clusters larger than 70 um diameter. The diameter of identified microcapsules was
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determined assuming a spherical geometry of microcapsules. X-ray Nano-CT of cubical grid
lattice structures (15 mm x 15 mm x 15 mm) with and without analogous 5 wt.% EPA-containing
microcapsules were obtained using 155 Zeiss 620 Versa located at Auburn University with a image
resolution of 22.2 um. The brightness of cubical grid lattice images was adjusted for clarity and
examined for microcapsule presence and general features.

3.2.5.4. Dynamic Mechanical Analysis

Thermomechanical behavior of the SLA 3D printed self-healing composites was characterized by
dynamic mechanical analysis (DMA) using a TA instruments RSA Il DMA. Storage modulus
(E’) at a room temperature and glass transition temperature (7g, extracted as the peak in tan delta)
of 3D-printed SLA composites were determined using a dynamic temperature ramp test with a
frequency of 1 Hz and heat rate of 5 °C/min.

3.2.5.5. Fracture toughness

Single-edged notched beam (SENB) (ASTM D5045-14) testing was used to evaluate fracture
toughness, and self-healing efficiency of microcapsule-loaded SLA 3D printed composites [44]
,[45]. The self-healing efficiency of a material is defined as a ratio of the fracture toughness, Ko,
of the healed material to that of the virgin material; Equation 1.

K

Q(healed)

-~ Kneaied) (1)
Q(virgin)

Healing ef ficiency =
Displacement-controlled SENB tests were performed using a screw-driven Instron mechanical test
frame (Model Instron 5565) with a 5 kN load cell at a loading rate of 5 mm/min. Specimens of
dimensions 52.8 mm x 12 mm % 6 mm with a pre-induced notch and a natural crack were used.
An initial crack length of 6 mm was used corresponding to an approximate a/W value of 0.5; where

a is the length of the crack and W is the width of the specimen. The value of f{x) is then calculated

using Equation 2,
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1/2 [1.99-x(1-x)(2.15-3.93+2.7x2)]
(14+2x)(1—x)3/2

f(x) = 6x 2)

where, x is the a/W value. Fracture toughness (Kop) of the specimen was calculated using Equation

3,

Ko = (=%) @ G)

1
BWZ
where, Ko is the fracture toughness, P is the offset intercept, B is the specimen thickness, and W

is the specimen width. The value of Pp for each specimen is obtained from the load versus

extension plot using a 5% reciprocal slope offset.

3.3. Result and Discussion

In this chapter, we integrate monomer—containing microcapsules and catalyst with photocurable
resin for stereolithographic 3D printing. When a crack occurs, capsules are ruptured along the
crack propagation pathway, releasing the monomer-dicyclopentadiene (DCPD) to the crack site.
Ring opening metathesis polymerization (ROMP) can then occur using the Grubbs’ catalyst
embedded within the polymer and formation of solid polymer across the crack leads to crack
healing [16]. This method is advantageous because of rapid polymerization at ambient temperature
and formation of highly cross-linked polymer network suitable for brittle polymers [16].
Dicyclopentadiene (DCPD) is a commonly-used monomer for self-healing due to its ability to
polymerize quickly with minimal shrinkage during healing, low viscosity, long shelf life, and low
volatility [16]. DCPD is a clear light-yellow liquid at room temperature and can be easily
emulsified with a water. Dicyclopentadiene (DCPD) is a monomer, amenable to ring-opening-

metathesis polymerization (RPMP) using Grubbs’ catalyst, and the resulting poly-(DCPD) is
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considered as good healing material [16]. During ROMP, the double bond within the 6-carbon ring
(Scheme 3.1) is broken and reformed with another broken double bond from a second DCPD

monomer [16]. This step is repeated, adding DCPD to the poly(dicyclopentadiene) chain.

% Grubbs Catalyst /\g\ + /\gk W

DCPD Monomer

W Repeats m

poly-DCPD

Scheme 3.1 Ring opening metathesis polymerization of DCPD

3.3.1. Synthesis and characterization of PU-UF double-walled microcapsules.

Double-walled microcapsules with DCPD as a core fluid were synthesized by in situ interfacial
polymerization due to their thicker and more robust shell walls as compared to single walled
microcapsules [26], [27], [47], [48]. This is important for obtaining long-term microcapsule
stability at elevated temperatures and high shear stress environments such as those in the
processing of polymer materials and composites for additive manufacturing. This process
successfully synthesized intact microcapsules with encapsulated healing fluid (DCPD). Optical
microscope images of as-prepared microcapsules (Figure 3.1A) and subsequently crushed
microcapsules (Figure 3.1B) are shown in Figure 3.1 where the presence of healing fluid is

confirmed by its release upon microcapsule compression.
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Figure 3.1. Optical microscopy image showing A) spherical microcapsules and B) microcapsules

ruptured under the cover slip showing of release of healing fluid.

TGA was performed on neat DCPD-containing microcapsules (Figure 3.2) for a heating
cycle from 25 to 600 °C to evaluate the microcapsule thermal stability and verify the presence of

DCPD core fluid after encapsulation. As shown in Figure 3.2, a dramatic loss in microcapsule
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weight is observed above 200 °C; 5% weight loss occurs at 163 °C. We attribute this weight loss
to microcapsule rupture and loss of DCPD as vapor at and above the normal boiling point of DCPD
(170 °C) [16]. As DCPD vaporizes, the rapid volumetric expansion causes the microcapsules to
rupture. The appearance of this large drop at the DCPD boiling point is thereby a useful means of
confirming that microcapsules contain the core healing fluid. Conversely, this is also an apt
demonstration of how the boiling point of the healing fluid (here DCPD) is a limiting factor for

the thermal stability of microcapsules for self-healing.

110 T T T T T r T T T
100 N,; (10 °C/min) |
90
80F
70
60
50

Weight (%)

40F
30r
201

10

0 ' ) ' ) L L L 1
50 100 150 200 250 300 350 400 450 500

Temperature(°C)
Figure 3.2. Representative TGA curve for PU-UF DCPD microcapsules.

Microcapsule size distribution was evaluated through optical microscopy (Figure 3.3). A
random selection of 175 microcapsules were chosen and measured yielding a mean microcapsule
diameter of 82 pum + 17 pm for the as-synthesized microcapsule batch. The particle size
distribution of the as-synthesized microcapsules is quite broad with microcapsule diameter varying
from 50 to 130 um (Figure 3.3B). As described in the Experimental section, this microcapsule
batch was then sieved, and the microcapsules captured on a 90 um tray (and below a 106 um tray)

were used for subsequent work in this study; an optical image of sieved microcapsules shown in
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Figure 3.3C. The size distribution of the sieved microcapsule batch was similarly quantified Figure
3.3D and was found to have an average diameter of 96 um + 11 pm. In Table 3.1, particle size
distributions of the DCPD-containing microcapsules (as-synthesized as well as sieved), and EPA-

containing microcapsules used in this work is shown. EPA-containing microcapsules were used

for the X-ray Nano-CT characterization.
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Figure 3.3. A) Optical microscopy image of PU-UF (DCPD core) unsieved microcapsules, and
their B) particle size distribution (mean diameter and standard deviation — 82 pm + 17 pm). C)
Optical microscopy image of sieved PU-UF (DCPD core) microcapsules and D) their particle size

distribution (mean diameter and standard deviation — 96 um + 11 pm).
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Table 3.1. Particle size distribution of microcapsules

Microcapsules  Core fluid Mean Capsule Diameter  Standard Deviation

(nm) (nm)
As-synthesized DCPD 82 17
Sieved DCPD 96 11
As-synthesized EPA 129 16

3.3.2. Microcapsule survivability in SLA printed composites
3.3.2.1. 'H NMR Spectroscopy

Existence of unbroken microcapsules in SLA 3D printed composites was evaluated through the
presence of DCPD in crushed composite specimens (52.8 mm x 12 mm x 6 mm) containing 5 wt.%
sieved double walled DCPD microcapsules and 0.5 wt.% catalyst. The crushed SLA 3D printed
specimens were rinsed with CDCl3, the rinse was filtered, and the filtrate was analyzed by 'H-
NMR spectroscopy; Figure 3.4. The 'H-NMR spectra in Figure 4 clearly shows the presence of
DCPD as the two expected distinct allylic peaks at 5.49 and 5.98 ppm appear in the area ratio of
1:1. Several peaks in the aliphatic region in the range of 1.3 to 3.21 ppm are also observed which
also correspond to DCPD. allylic protons at 5.49 and 5.98 ppm. This process demonstrates the

presence of intact DCPD-filled microcapsules in the SLA 3D printed specimen.
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Figure 3.4. "H NMR spectra of DCPD extracted from SLA 3D-printed composite.

3.3.2.2. Scanning electron microscopy

The internal morphology of the SLA 3D printed self-healing composites was examined with
scanning electron microscopy (SEM). The fracture plane (Figure 3.5) shows spherical voids of
various sizes where microcapsules were present within the material prior to fracture. These voids
are within the range of microcapsule diameters present in the specimen; where we note the
different sizes of the voids are due to the 2D fracture plane representing a projection through
different slices of the spherical microcapsules present in the 3D structure prior to fracture [49],
[50]. The SEM image in Figure 3.5 also shows features in the fracture plane creating a tail-like
appearance in the wake of the spherical voids. These tail markings originating from the voids have
been previously attributed to the arresting of crack growth by the microcapsules, followed by rapid

advancement of the crack front from the microcapsule-matrix interface [51].
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Figure 3.5. SEM image of self-healing composite showing spherical microcapsule voids.

3.3.2.3. X-ray Nano-CT

The presence of microcapsules in the 3D printed part was also examined using X-ray Nano-CT by
examining the 3D image stack and 2D cross-sections of the 3D image (Figure 3.6B and 3.6C
respectively). The particle size distribution frequency (number basis) of the microcapsules is
extracted and shown in Figure 3.6D. The microcapsule size distribution could also be determined
from the 3D image stack and was relatively broad, with 70% of microcapsules being 100—120 pm
in diameter, and a mean diameter of 114 pm + 25 um. Overall, this microcapsule size distribution
is in good agreement with that obtained from optical microscopy (mean diameter 129 um + 16
pm). A heatmap of the microcapsule centroid locations within the 3D printed cube is shown in
Figure 3.6F and gives a generalized view of the microcapsule size distributions within 12.5 um
thick horizontal cross-sections of the 3D object. In this heatmap, a higher frequency of
microcapsules is indicated by the color scale (blue to yellow—dark to light—for low to high

microcapsule count). Microcapsules of diameter range from 100 to 130 pm show the highest
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proportion though a majority of the specimen. This is expected as these are the most abundant
microcapsules in the size distribution. The cumulative microcapsule probability distribution on a
volume basis extracted from the centroid analysis is shown in Figure 3.6E. In this volume weighted
distribution, the contribution of each microcapsule relates to its volume such that it is a good proxy
for the quantity of healing fluid throughout the specimen. The obtained cumulative volume
distribution curve generally tracks with a linear increase (shown via the solid blue line) along the
vertical axis of the specimen. This indicates a relatively uniform distribution of microcapsule
volume within the specimen and thereby a relatively uniform probability that a given random

fracture would interact with microcapsules and thereby lead to localized self-healing.
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Figure 3.6. Visualization of X-ray Nano-CT data of SLA 3D printed composites: A) image of
SLA 3D printed composite containing EPA-filled microcapsules, B) 3D visualization of
microcapsules (colored) within the specimen (transparent) from X-ray Nano-CT data, C) x-y cross
section of 3D Nano-CT image, D) size frequency distribution of microcapsules, E) (black line)
cumulative particle distribution on volume basis for microcapsules located at geometric center of
3D printed composite, and (blue line) a linear cumulative particle volume vs centroid location fit
corresponding to a uniform volume distribution, F) heatmap of microcapsules from blue to yellow

(dark to light) for low to high microcapsule count.
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Another consideration is the impact of microcapsules on surface features of the 3D printed
specimens. Here, we examine the surface using the edge as visualized in each 2D x-y cross-section
of the X-ray Nano-CT data. Representative images of the edge plane for specimens with and
without capsules are shown in Figure 3.7. These images show an edge of the cubes (light gray)
with the surrounding air (dark grey) for a single slice through the sample for comparison. Overall,
we found little difference in the surfaces and the surface variation for both was generally within
the voxel resolution of the images. To examine the surface across the entire sample the
crossectional images were compiled into short videos scanning through the samples both with and

without microcapsules.

A) Without capsules
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B) With capsules

Figure 3.7. X-ray Nano-CT image of the edge of SLA 3D printed specimens (A) without

microcapsules, and (B) with microcapsules.

To interrogate the impact of microcapsules on finer features, specimens with more complex
geometry, a square lattice grid structure containing internal voids, were printed with and without
5 wt.% EPA-containing microcapsules (see photograph in Figure 3.8). The specimen with
microcapsules was printed into the desired structure without any change in printing parameters,
confirming the ability to print more complex features containing microcapsules. A set of 3D X-
ray CT images of each sample were obtained in order to visualize the microcapsules within the
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structure and qualitatively compare the printed structures (Figure 3.8). Microcapsules are clearly
evident in the specimen printed from the microcapsule-loaded resin and appear to be generally
dispersed throughout the specimen. Here, we do note some visible differences between the surface
structures between the specimens with and without microcapsules. The specimen printed with
microcapsules appears to show additional defects compared to the specimen printed without
microcapsules. Overall, this demonstrates the ability to incorporate microcapsules readily into
complex geometries, but additional optimization of printing parameters as well as the microcapsule
size and loading are necessary to ensure geometric integrity, if necessary, for more intricate

structures with smaller geometric features in the printed specimens.
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Figure 3.8. A) photographic image of 15 mm x 15 mm x15 mm SLA 3D printed grid lattice
structures (left) without and (right) with EPA-filled microcapsules. Representative 2D slices from
the 3D X-ray CT data for specimens B) without capsules and C) with capsules.
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3.3.3. Physical Properties of SLA 3D printed composites

3.3.3.1. Dynamic mechanical analysis of SLA printed composites

The effect of the addition of microcapsules and catalyst on the storage modulus (£°) and the glass
transition temperature (7g) of SLA printed composites was evaluated using dynamic mechanical
analysis (DMA). As shown in Table 3.2, the addition of microcapsules slightly lowers the £’ while
Tg remained essentially unchanged. To investigate the extent of change in £’ and Tg of SLA
composites in the presence of capsules, mean and standard deviation of all values of both £’ and
Tg were determined to find the coefficient of variance (CV) across all measurements. CV was
calculated as ratio of standard deviation to mean, thereby representing the extent of variation in
relation to the mean. The CV for the £’ and Tg are 0.067 and 0.066 respectively. CV for both the
storage modulus and Tg are less than 0.1 (10 %), which is a typical metric for denoting negligible
difference between values [52]. These low standard deviations and CVs indicate low spread of data
such that the addition of microcapsules and catalyst resulted in negligible change in these physical

properties of the SLA printed composites.
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Table 3.2. Storage modulus and glass transition temperature of SLA 3D printed composites

Microcapsule Content E’ Tg
(% w/w) (MPa) (°0)

0 380+ 14 62+4

5 354+ 18 61+2

3.3.3.2 Self-healing efficiency of SLA 3D printed composites

The healing efficiencies of specimens with 5 wt.% sieved DCPD-containing microcapsules and
0.5 wt.% of catalyst were determined via Single Edge Notch Beam (SENB) fracture test. SENB
fracture toughness tests provide an accurate protocol for investigating fracture behavior and
healing efficiency of SLA printed self-healing composites. After the fracture event, specimens
were allowed to heal at room temperature for 24 and 72 hours. These times were chosen to allow
sufficient time for the healing and are commonly used temporal metrics in the literature for self-
healing materials [46]-[48]. However, upon preliminary SENB testing it was difficult to control
the length of the propagated crack of these photocured composites after the fracture event which
tended to result in continued crack propagation through the width of the specimen. As the SENB
test requires control over the initial crack length to target an approximate a/I value this behavior
prevents the use of this test method for evaluating healing efficiency. To alleviate this issue a
fracture relief defect (small hole of area 7.06 mm?) was incorporated into the specimen in order to
control the initial crack length and extract accurate fracture toughness from the SENB tests (Table

3.3).
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Table 3.3. Fracture toughness before and after healing of photocured composites after 24 and 72

hours.
Post Healing Post Healing
Pre-healing Self-healing Self-healing
Capsule Fracture Fracture
Fracture efficiency efficiency
Loading Toughness Toughness
Toughness (%) (%)
(Wt.%) (MPa.m'?) (MPa.m'?)
(MPa.m'?)
24 hours 72 hours
0 0.719 £ 0.08 - - - -
5 0.524+0.18 0.279 +0.07 53 0.384 +0.09 73

When first comparing the fracture toughness of the initial samples a 27% decrease in virgin
fracture toughness and larger standard deviation was observed for the microcapsule-containing
specimens compared to the specimens without microcapsules. Here, the spread was larger
(especially for the microcapsule-containing specimens), however the resulting standard deviation
ranges of the measured fracture toughness for these 3D printed specimens do overlap considerably.
As observed with other composites, the microcapsules could be acting as defects in the polymer
matrix, thus affecting fracture toughness [49], [50]. However, material healing was obtained for
the microcapsule-containing specimens at both 24 and 72 hours with 53% and 73% of the pre-
healing fracture toughness recovered after healing, respectively. 3D printed specimen, optical
images of the crack developed after the fracture test, and its healing at 24 and 72 hours were
obtained (Figure 3.9), clearly showing the initial healing of the fracture within 24 hours and
complete sealing of the fracture at 72 hours. The increased healing efficiency with time is

consistent with the literature on related self-healing materials [25], [53], [54], and this dependence
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is mainly a consequence of the diffusion of polymer chains [53]. In future studies other strategies
including microcapsule loading and manipulating microcapsule size distributions will be
investigated toward further increasing the healing efficiency and pre-healing fracture toughness of

these SLA 3D printed composites.

lcm lcm

0 hour 24 hours

Figure 3.9. A) 3D printed composite structure containing DCPD-filled microcapsules and Grubbs’
catalyst, B) pre-notched and pre-cracked 3D printed composite structure with a fracture relief
defect, C) optical microscopic images of pre-notched and pre-cracked composite, D) and their

crack healing in the photocured self-healing composite after 24 hours, E) and 72 hours.

3.4. Conclusion

In this work, we synthesized double-walled microcapsules encapsulating DCPD for incorporation
in SLA 3D printed materials. This is a versatile platform for SLA 3D printing of self-healing
thermoset materials as it does not require manipulation of the resin chemistry and has less reliance
on compatibility with the healing fluid than a solvent healing-based microcapsule approach. The

SLA 3D printing of commercial resin incorporating these self-healing microcapsules where the
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microcapsules remain intact after printing is demonstrated. X-ray Nano-CT imaging confirms an
essentially uniform distribution of microcapsules within SLA 3D printed cubes. This is desirable
for self-healing composites to ensure a given fracture will trigger self-healing through interaction
with embedded microcapsules. Self-healing efficiency was investigated using SENB tests where
a healing efficiency of 73 % was achieved within 72 hours of fracture. The ability of the DCPD
monomer to polymerize in the presence of catalyst after a fracture event at room temperature
without external stimulus is an important consideration for application of these systems. This study
provides a platform for extending material lifetimes of 3D printed materials via self-healing for

recovery of structural integrity.
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Chapter 4

Self-healing of High Impact Polystyrene
(HIPS) Composites

Reproduced from: Shinde, V. V.; Shelke, S. D.; Celestine, A. N.; Beckingham, B. S. Self-healing
in High Impact Polystyrene (HIPS) Composites via Embedded Non-toxic Solvent-filled
Microcapsules . J. Appl. Polym. Sci. 2021, 139 (2) , 51463. https://doi.org/10.1002/app.51463.

4.1. Introduction

Polymer composites are integral materials used by a wide range of industries due to their tunability,
and enhanced structural and functional properties [ 1]-[3]. These amenable material properties offer
many advantages of polymer composites; low weight, corrosion resistance, and improved
mechanical properties with lower cost [4]-[6]. These advantages have led to the widespread
application of polymer composites in different industrial sectors, including biomedicine,
aerospace, defense, automotive, construction, and many others [7]-[10]. Although composite
materials typically increase a polymer material's durability by reinforcing it with particles or fibers,
a major concern has arisen regarding accumulation of polymer waste in the environment [11]-[13].
This concern has compelled researchers to investigate environmentally friendly polymer materials
associated with cleaner manufacturing processes [14]-[16]. Moreover, conventional thermoset-

based polymer composites with their covalently crosslinked networks directly result in limited
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recyclability, and increased plastic waste [17]-[19]. Researchers are therefore looking for
replacements for thermoset polymer composites.

Recycling and reprocessing of thermoplastic materials can generally be performed from a
technological perspective as they can be remelted and reshaped with the provision of heat [20],
[21]. Plastic recycling can reduce environmental problems, saving both materials, energy, and cost.
These properties coupled with their flexibility, durability, user-friendly design, and low density
give thermoplastic composite materials’ the potential to become viable replacements for some
thermoset materials [22], [23]. While thermoplastic composites show tremendous promise for
recyclability at the end of their useful life [24], they show relatively poor mechanical strength and
dimensional stability compared to crosslinked polymer composites, metals, and ceramics leading
to shorter useful lifetimes [25], [26]. Although researchers have made various attempts to improve
their mechanical strength by, for example, adding reinforcing fibers, very few studies have
investigated the incorporation of self-healing properties to thermoplastic polymer composites to
extend material lifespan and durability [27]-[30].

Self-healing is a material's ability to repair damage and restore lost properties, using
resources inherently available to a material system [31]-[33]. Self-healing materials offer increased
safety, reliability, and strength to structural components in which damage detection is often
difficult or repair and maintenance after component failure are costly [34]. Self-healing materials
can be categorized based on their damage response as either non-autonomous or autonomous. Non-
autonomous self-healing systems require an external stimulus, such as heat or light, to trigger and
execute the self-healing process [35], while autonomous self-healing systems do not require any
additional stimulus for the self-healing process to be initiated and material damage such as crack

growth is enough to trigger the self-healing process [36]-[38]. The primary autonomous healing
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methods in polymer composites focus either on the introduction of dynamic bonds in the
macromolecular backbone, i.e., intrinsic healing, or the incorporation of encapsulated healing
agents in the form of microcapsules or vascular networks into the bulk polymer, i.e., extrinsic
healing [39]-[45]. When the material is fractured, microcapsules or vascular networks are ruptured
and release their self-healing contents into the crack plane, where further reaction or interactions

with the host material initiates the process of self-healing [35].

A microcapsule-based self-healing system is highly localized and can heal a developing
crack right where it is initiated. White et al. were the first to demonstrate the dicyclopentadiene
(DCPD)-Grubbs' first-generation catalyst-based self-healing system based on ring-opening
metathesis polymerization [31]. Solvent-based self-healing is also an example of a microcapsule-
based system that uses a polymer's latent functionality to initiate self-healing. In a solvent-based
system, a crack in a microcapsule-loaded polymer matrix releases solvent to the crack site, locally
dissolving the polymer, leading to rebonding of fractured surfaces upon evaporation of solvent
[46]. Solvent-based self-healing in thermoset epoxy materials has been explored by Caruso et. al.
where fracture in the specimen was healed by solvent welding through the reaction of residual
monomer [46]. Solvent-based self-healing in thermoplastic poly(methyl methacrylate) (PMMA)
has been demonstrated by Celestine et. al. to investigate fracture toughness recovery in the
presence of solvent-filled microcapsules [30]. Importantly, the solvent-based healing mechanism
is efficient, simple, and cost effective as no additional catalyst or hardener is required [30], [46].

This work evaluates the self-healing performance of the thermoplastic high impact
polystyrene (HIPS) via solvent-filled microcapsules. High impact polystyrene (HIPS) is a low-
cost polymer with properties leading to easy machining and fabrication. It has low tensile strength

for structural application but high impact strength, making it useful when low-cost impact strength,
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machinability, and fabrication are required in a product [47]-[49]. Therefore, high impact
polystyrene (HIPS) is a potential candidate to incorporate self-healing properties to fabricate
composite materials of high toughness and self-healing ability. Here, we utilize ethyl phenyl
acetate (EPA)-containing microcapsules that are synthesized via an emulsion polymerization
process. Ethyl phenylacetate is a low toxicity, non-genotoxic, green solvent that is found in a wide
variety of consumer products, including perfume and food, including beer, honey, citrus fruits, and
whiskey [50], [51]. HIPS specimens embedded with ethyl phenylacetate (EPA) microcapsules are
then fabricated via compression molding at elevated temperatures. The survivability of the
microcapsules after this molding process is evaluated, and the mechanical properties and healing
performance of composites at varied microcapsule concentrations are investigated. Incorporating
self-healing properties in thermoplastic polymer composites can advance the development of safer,
long-lasting, low cost and sustainable materials with a wide range of properties and functionalities

for their application in packaging, transportation, electronics, and coatings.

4.2. Experimental Methods

4.2.1. Materials

All chemicals and solvents were used as received unless otherwise noted. Ethyl phenylacetate
(EPA) was purchased from Sigma-Aldrich. Polyurethane (PU) prepolymer (Desmodur L 75) was
donated by Covestro. Desmodur L 75 is a prepolymer solution in ethyl acetate with a reported
equivalent weight of 315 g and an isocyanate content of 13.3 + 0.4 wt.%. Ethylene-maleic
anhydride (EMA) copolymer (Zemac-400) powder was purchased from Polyscience Inc. and used
as a 2.5 wt.% aqueous solution. Dichloromethane, urea, ammonium chloride (NH4Cl), sodium

hydroxide (NaOH) pellets, and tetrahydrofuran were purchased from BDH chemicals.
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Hydrochloric acid (95% purity) was purchased from Merck Chemicals. 0.5 N NaOH and 0.5 M
hydrochloric acid solution were prepared and used to adjust the pH of the emulsion. All solvents
and chemicals used for the preparation of EMA solution, acid and base solutions and 1-octanol
were of analytical grade. Formaldehyde solution (formalin, 37 w/v %) was purchased from BTC
chemicals. 1-Octanol was purchased from Fischer Chemicals. High Impact Polystyrene (HIPS)
thermoplastic polymer pellets were purchased from 3DXTech. Deuterated chloroform (CDCl3)

was purchased from EMD Millipore.

4.2.2. Preparation of PU-UF microcapsules with EPA core fluid

Polyurethane-poly(urea-formaldehyde) (PU-UF) double-walled microcapsules containing EPA
were synthesized using an in-situ interfacial polymerization technique developed by Caruso et al.>?
Briefly, 2.5 wt.% of poly(ethylene-alt-maleic anhydride), EMA, in water was prepared by adding
3.75 g of EMA to 150 ml of water and stirring for 24 hours. After the solution was fully dissolved,
5 gurea, 0.5 g ammonium chloride and 0.5 g resorcinol were added to the solution. Three grams
(3 g) of PU (Desmodur L-75) was dissolved in 20 ml of dichloromethane in a water bath
maintained at 80 °C and added to the urea solution. Solution pH was maintained between 2.5 to 3
using a sodium hydroxide solution to avoid demulsification. 60 ml of ethyl phenylacetate, EPA,
was slowly added, and the solution was stirred continuously for 60 minutes. Finally, 12.7 g of
formaldehyde (formalin, 37 w/v %) in an aqueous solution was added. The reaction batch was then
heated to 55 °C using a temperature controlled hot plate and stirred at 500 rpm for 2 hours. 200 ml
DI water was added to the solution to ensure an emulsion of microcapsules was maintained, and
the microcapsule mixture was heated for a further two hours. Finally, the batch was cooled to room

temperature, and microcapsules were separated using filter paper with a coarse-fritted funnel under

vacuum. Microcapsules were washed in 200 ml of water, isolated via vacuum filtration, and dried
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for 24-72 hours in a vacuum oven at room temperature (24-27 °C). Microcapsule average diameter
and the presence of self-healing fluid were examined via optical microscopy using an Olympus
52x7 microscope with Cellsens software. Both thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC) were performed to evaluate the thermal stability of the microcapsules.
4.2.3. Preparation of self-healing high impact polystyrene (HIPS)

Microcapsule-loaded HIPS samples were produced via compression molding as follows. Dried
commercial HIPS pellets were mixed with microcapsules in concentrations ranging from 0 - 7.5
wt.% and the mixture added to a stainless-steel mold. The closed mold was placed in a Carver
(Model 4389) manual heated press and the temperature maintained at 180 °C for 5 minutes while
applying pressure. The heat was then turned off and the mold was allowed to cool to room
temperature. Specimens were cut to their final dimensions of 50 mm x 10 mm x 2.45 mm for

thermomechanical and mechanical characterization using a Buehler Isomet 1000 precision cutter.
4.2.4. Characterization by 'H-NMR Spectroscopy

'H-NMR spectrum of the purchased high impact polystyrene copolymer was acquired using a 500
MHz Bruker Neo NMR spectrometer using deuterated chloroform as the solvent (30 mg/mL) and
64 scans. Microcapsule survivability in the self-healing HIPS composite specimens was evaluated
via the release of healing fluid (EPA) after mechanically crushing the specimens. For example,
compression molded HIPS specimens containing 7.5 wt.% microcapsules were physically crushed
and rinsed with CDCls. The CDCIls rinse was collected, loaded into an NMR tube, and
characterized using low-field (60 MHz) 'H-NMR spectroscopy, collected on an Oxford

Instruments Pulsar 60 MHz spectrometer using 256 number of scans.
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4.2.5. Characterization by thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis (TGA) was conducted on microcapsule-loaded HIPS specimens to
confirm the presence of intact microcapsules after processing, using a TA Instruments Q500-0875
TGA instrument from 10 °C to 500 °C via a 10 °C/min ramp in a nitrogen gas atmosphere.
Differential scanning calorimetry (DSC) analysis was also performed to analyze changes in
thermal properties of the microcapsule-containing HIPS composite specimens using a TA
Instruments Q20-3095 differential scanning calorimeter from 10 °C to 270 °C via a 10 °C/min

ramp in a nitrogen gas atmosphere.
4.2.6. Flexure testing

Three-point bend flexure tests were performed on prepared self-healing HIPS specimens to
examine the effect of microcapsule concentration on mechanical properties such as flexural
strength and modulus. Tests were conducted under displacement control using a screw-driven 5
kN Instron test frame (Model 5565) with a support span of 35 mm, as per ASTM D790.%
Specimens measuring 50 mm x 10 mm x 2.45 mm were loaded at a constant displacement rate of
3 mm/min. Load and displacement data were collected at 0.1 s intervals. Flexural stress (Gf) and
flexural strain were calculated as per ASTM D790 [53]. Flexural modulus and strength were
determined from plots of flexural stress vs flexural strain. Four replicates were analyzed for each

sample and the average and standard deviations computed and reported.
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Figure 4.1. Flexure test specimen geometry and configuration where P is the fracture load (N).

4.2.7. Dynamic Mechanical Analysis

Thermomechanical behavior of prepared self-healing composites was characterized by dynamic
mechanical analysis (DMA) using a TA instruments RSA III dynamic mechanical analyzer.
Storage modulus (£°) at room temperature and glass transition temperature (7g, extracted as the
peak in tan delta) of specimens were determined using a dynamic temperature ramp test with a
frequency of 1 Hz and heating rate of 5 °C/min for a temperature range 28 °C to 130 °C. Four
replicates were analyzed for each sample and the average and standard deviations computed and

reported.

4.2.8. Fracture testing

The effect of the microcapsules on fracture toughness, Ko, of HIPS composite was evaluated using
the single-edge notched bend (SENB) test as per ASTM D5045 [54]. HIPS specimens (50 mm x
10 mm x 2.45 mm) with increasing concentrations of microcapsules were first pre-notched using

a diamond tipped saw blade. A natural crack was then generated by tapping a fresh razor blade
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placed in the notch. A fracture relief defect (small hole of area ~7 mm?) was incorporated into the
specimens to control the initial crack length and maintain crack length to width (a/W) ratio between
0.45 and 0.55. The initial crack length in each specimen was approximately 5 mm, corresponding
to a/W = 0.5. Displacement controlled SENB tests were performed using the 1 kN Instron test

frame with a displacement rate of 5 mm/min. The fracture toughness was calculated as

Ko = (£%) () m

BW?2

[1.99—x(1-x)(2.15-3.93+2.7x2)]
(1+2x)(1—-x)3/2

fx) = 6x1/2

2)

where, Ko is the fracture toughness, Po is the fracture load (N), B is the specimen thickness (cm),
W is the specimen width (cm), and x is the crack to width ratio (a/W). The healing efficiency of
the self-healing HIPS was investigated by allowing the fractured specimens to heal undisturbed
for 24 and 72 hours and then performing a second fracture test. Healing efficiency, #, was

calculated as the ratio of the healed fracture toughness (K[©°#¢4) to the virgin (initial) fracture

toughness (K ;frg in) as shown in Equation 3. Five replicates were analyzed for each sample and

the average and standard deviations computed and reported.

( ) (ngaled)
T] % = virgin X 100 (3)
(k™)
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Figure 4.2. Fracture test specimen geometry and configuration where a is the initial crack length

and P is the fracture load (N).

4.3. Results and Discussion

4.3.1. Synthesis and Characterization of PU-UF microcapsules with EPA self-healing fluid
Polyurethane-poly (urea-formaldehyde) (PU-UF) double-walled microcapsules containing EPA
were synthesized using an in-situ emulsion polymerization technique developed by Caruso ef al.
[52]. This method satisfies the criteria necessary for successful incorporation of microcapsules in
self-healing material systems, such as isolation of the healing liquid, good bonding with the matrix
material due to better mechanical interlocking of capsules with polymer matrix, together with
excellent microcapsule rupture and release of healing material into the crack plane upon damage
[31], [35], [45], [52]. In addition, this method fabricates microcapsules with thicker and more
robust shell walls as compared to single walled microcapsules (average shell wall thickness of 530
nm = 30 nm for double-walled microcapsules compared to 175 nm + 33 nm for single-walled as
previously analyzed by Caruso et. al.), which is critically important in obtaining long term
microcapsule stability at elevated temperatures as those in fabrication and processing of polymer
composites [52], [55]-[57]. An optical micrograph of the as-synthesized microcapsules is shown

in Figure 3A. The presence of healing fluid is confirmed by crushing the microcapsules and
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optically observing the release of healing fluid (Figure 3B). Microcapsule size distribution was
obtained by extracting microcapsule diameters from optical micrographs. To determine the
microcapsule size distribution, the diameter of 100 randomly selected microcapsules were
measured from these optical images. The particle size distribution of these as-synthesized
microcapsules is quite broad with microcapsule diameters varying from 170 to 400 pm with an

average diameter of 268 pm + 49 pm, shown in Figure 4.3C.
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Figure 4.3. Microscopic images of EPA filled microcapsules: A) as synthesized, B) after

compression, and C) particle size distribution (average diameter and standard deviation: 268 pm

+ 49 pum).
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TGA was performed to analyze the thermal stability of the EPA microcapsules (Figure
4.4). The microcapsules remain thermally stable up to a temperature of approximately 210 °C,
after which there is a precipitous drop in sample weight with 5 wt.% loss observed at 225 °C and
95 wt.% loss occurring by 272 °C. We attribute this dramatic weight loss to microcapsules' rupture
and loss of EPA at and above EPA's boiling point (~229 °C). The vaporization and rapid expansion
of the EPA lead to a loss of microcapsule integrity and correspondingly EPA mass loss from the
sample; note EPA is the primary contributor to microcapsule mass. This observed mass loss due
to vaporization of the healing fluid (here EPA) can also be used to verify the presence of intact

microcapsules in the HIPS composite.
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Figure 4.4. Thermogravimetric (TGA) plot of thermal behavior of EPA microcapsules.

4.3.2. Thermal analyses of compression molded self-healing HIPS composites.
Characterization of HIPS composites with embedded microcapsules by TGA was performed to

evaluate the impact of microcapsules on thermal stability (Figure 4.5A). The thermogram for
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virgin HIPS (0 wt.%) is stable and no significant weight loss is observed until above 300 °C; 5
wt.% loss is observed at 385 °C followed by thermal degradation of the virgin HIPS. Previous
studies have found similar thermogravimetric results for virgin HIPS where thermal decomposition
was observed between 340 — 490 °C [49], [58]. For samples with embedded EPA microcapsules,
a distinctive slight weight loss is observed beginning at lower temperatures with more pronounced
weight loss occurring at and above the boiling point of EPA (~229 °C). The relative magnitude of
the observed weight loss increases with increasing microcapsule content (as expected based on the
TGA characterization of microcapsules discussed above) and provides evidence for the presence

and survival of intact microcapsules in the HIPS composites after compression molding.
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Figure 4.5. TGA thermograms of compression molded HIPS composites with increasing

microcapsule concentrations (0, 2.5, 5.0, and 7.5 wt.%).

A clearer picture of this region of initial mass drop is gained by focusing on the initial 10
wt.% loss up to 300 °C as shown in Figure 4.5B. The HIPS sample without microcapsules is

thermally stable up to 300 °C with less than 1 wt.% loss at 300 °C. The HIPS composite with 2.5
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wt.% microcapsules is also quite stable with only 2 wt.% loss up to 300 °C. This mass loss is
attributed to the loss of EPA fluid through vaporization, microcapsule rupture, and EPA release,
as it mainly occurs near EPA’s boiling point. Analogous behavior is observed for the HIPS
composites with 5 wt.% microcapsules; only 3 wt.% loss up to 270 °C and 5 wt.% loss at around
300 °C. However, the TGA thermogram for the HIPS sample with 7.5 wt.% microcapsules
displays a significant weight loss beginning around 100 ° C which is possibly due to the presence
of moisture in the sample. Afterward, a larger mass loss (approximately 6.5 wt.%) is observed in
the range of 150 to 270 °C which we attribute to the loss of EPA from the sample. Overall, the
weight loss in each of these samples corresponds roughly to their microcapsule content (and
thereby primarily EPA content). Lastly, no appreciable difference in thermal behavior of the
composite samples with and without microcapsules is observed via differential scanning
calorimetry (DSC), where analogous glass transition temperatures (approximately 100 °C) are

observed (Figure 4.6).
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Figure 4.6. DSC thermograms for HIPS composites with increasing microcapsule concentration

(0,2.5, 7.5 wt.%).
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4.3.3. HIPS characteristics and Microcapsule survivability via 'H-NMR Spectroscopy.

In order to characterize the procured HIPS composition and polybutadiene microstructure, the as-
received HIPS was examined using 'H-NMR spectroscopy; Figure 4.7. Both the allylic
polybutadiene peaks (4.8 - 5.6 ppm) and the aromatic polystyrene peaks (6.3-7.2 ppm) are clearly
visible [59]. From the known proton assignments and extracted integrals, the HIPS contains 6 %
polybutadiene with a microstructure consisting of 93 % 1,4-addition; both of which are within the
typical range for HIPS. This polybutadiene microstructure corresponds to an expected glass

transition temperature of approximately -97 °C [60].
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Figure 4.7. "H-NMR spectrum of high impact polystyrene (HIPS).

The existence of unbroken microcapsules in the self-healing HIPS composites was also
evaluated via the presence of EPA fluid in crushed composite specimens containing 7.5 wt.%
double walled EPA microcapsules. The crushed specimens were rinsed with CDCls, and the rinse

analyzed by 'H-NMR spectroscopy (Figure 4.8). The 'H-NMR spectrum in Figure 4.8 clearly
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shows the presence of EPA through its visible methylene (-CHz-, 3.5 ppm), terminal methylene (-
CHz-, 4.25 ppm) and terminal alkyl (-CHs, 1.5 ppm) peaks. This demonstrates the presence of
intact EPA-filled microcapsules in the fabricated HIPS composites, verifying the conclusions

drawn from the TGA analysis above.
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Figure 4.8. "H-NMR spectrum of EPA extracted from compression molded HIPS composite.

4.3.4. Mechanical Characterization

The impact of microcapsules on composite flexural modulus and flexural strength was examined
via three-point bend flexural tests according to ASTM D790 [53]. Slight decreases in both strength
and modulus are observed with increasing microcapsule content (Figure 4.9). This result is
consistent with the hypothesis that fluid-filled microcapsules act as stress concentrators within the
bulk polymer, making the composite more susceptible to material fracture upon loading [61], [62].

The presence of microcapsules can also lead to greater polymer chain mobility decreasing the
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modulus [63], [64]. Additionally, analogous decreases in flexural properties have been observed
and attributed to agglomeration of microcapsules in the polymer matrix trapping bubbles in the

matrix as the viscosity of system increases with microcapsule addition [65], [66].
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Figure 4.9. A) Flexural modulus and B) flexural strength of HIPS composites with varied

microcapsule content. Error bars reflect one standard deviation from four replicates.

The impact of microcapsules on storage modulus (£°) and glass transition temperature (72)
was also probed using DMA and the results are summarized in Table 4.1. In Figure 4.10A, plots
of the log(£") of the HIPS composites as a function of temperature show distinct differences as the
microcapsule content increases. The incorporation of microcapsules leads to a slight decrease in
the storage modulus of the HIPS composites. This can be attributed to an increase in the distance
between molecular chains and the network free volume with the addition of microcapsules, leading
to a decrease in storage modulus [63], [67]. These results are consistent with the flexural test
results. In Figure 4.10B, the tan delta peak estimates the glass transition temperature. Glass

transition temperatures of the HIPS composites also decrease with increasing microcapsule
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content. Moreover, in Figure 4.10B, only a single transition peak is observed in the tan delta for
self-healing HIPS composites, indicating good interfacial adhesion and compatibility between the
microcapsules and polymer matrix [68], [69]. Minimal deviations in the storage moduli and glass
transition temperatures of the HIPS specimens with and without microcapsules indicate that the
addition of microcapsules has only a slight impact on these physical properties of the polymer

composite.

Table 4.1. Changes in storage modulus and glass transition temperature of HIPS specimens with

increasing microcapsule concentration.

Glass Transition Temperature
Microcapsule Storage Modulus (E°) P

concentration (wt.%) (GPa) 9
°O)

0 1.92 £0.06 113+£2

2.5 1.91 £0.07 110+ 1

5.0 1.89 +0.05 107 £2

7.5 1.88 £0.09 102+ 6
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Figure 4.10. Representative DMA plots: A) log storage modulus and B) tan delta of self-healing

HIPS composites as functions of temperature.

4.3.5. Characterization of Self-healing

The healing efficiency of specimens with different concentrations of EPA microcapsules was
evaluated via the Single Edge Notch Beam (SENB) fracture test. SENB fracture toughness tests
provide a standard protocol for monitoring healing efficiency of self-healing composites by
monitoring crack growth and fracture toughness before and after a healing event [70], [71]. After
initial fracture, the specimens were allowed to heal at room temperature for 24 and 72 hours. These
times were chosen to allow sufficient time for fracture toughness recovery and are common
temporal benchmarks for self-healing materials [56], [72], [73]. The average fracture toughness of
HIPS specimens without microcapsules determined using SENB tests was 3.13 = 0.47 MPa.m'2.
Generally, the inclusion of microcapsules leads to a decrease in fracture toughness of the HIPS
composites for all microcapsule contents and this reduced toughness can be attributed to the

microcapsules acting as material defects [61].
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Using the fracture toughness before and after healing, the healing efficiency is determined
for each microcapsule content (Figure 4.11B) for both 24 and 72 hours of healing time. Self-
healing is observed for all microcapsule-containing composite specimens with a maximum healing
efficiency of 64 % observed after 72 hours for composites with 7.5 wt.% of microcapsules. This
observed recovery in fracture toughness is analogous to results demonstrated throughout the self-
healing literature where fracture toughness of healing material is shown to increase with
microcapsule concentration and healing time [30], [46], [74]-[76]. In particular, these results are
comparable to other reports which utilize solvent-based healing systems to impart self-healing
behavior to other polymer classes. For instance, up to 89 % recovery of fracture toughness for the
thermoplastic polymer poly(methyl methacrylate) has been demonstrated by Celestine et al. using
5 wt.% anisole-containing microcapsules [30]. Caruso et al. utilized 15 wt.% of chlorobenzene-
containing microcapsules and observed 78 % recovery of fracture toughness for an epoxy-based
thermoset material [74]. Here, the use of EPA as a healing solvent is a less toxic, environmentally
friendly alternative to chlorobenzene, or anisole. Previously, EPA was shown to achieve 48 %
recovery of fracture toughness for 15 wt.% of microcapsules in an epoxy-based polymer material.”
The results here are, to our knowledge, the first report of microcapsule-based self-healing of the
thermoplastic HIPS and the healing efficiency obtained (up to 64 %) is in line with previous reports
using EPA. This demonstrates both the potential and the need for further development to improve
both the mechanical behavior of these composites as well as the recovery of fracture toughness

after healing.
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Figure 4.11. A) Fracture toughness before and after healing as a function of microcapsule
concentration for 24- and 72-hours healing time. B) Healing efficiency as a function of
microcapsule concentration after 24 and 72 hours. Error bars reflect one standard deviation from

five replicates.

4.4. Conclusions
This work demonstrates self-healing of a thermoplastic polymer, high impact polystyrene, through
the fabrication and evaluation of composites embedded with microcapsules filled with the non-

toxic and environmentally friendly solvent EPA. TGA and 'H-NMR spectroscopy analysis
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confirm the presence of intact microcapsules in the compression molded HIPS composites.
Mechanical characterization via flexural and fracture testing reveals that the addition of
microcapsules leads to a decrease in overall mechanical properties with increasing microcapsule
content. However, increasing microcapsule content also results in increased healing efficiency,
with up to 64% recovery of the fracture toughness achieved at the higher microcapsule loading
(7.5 wt.%). This demonstrates the tradeoffs for consideration when translating this approach to
target applications. While the general loss in mechanical properties is undesirable, there are still
several unexplored tunable system parameters towards minimizing these losses in mechanical
properties. As a demonstration of microcapsule-based self-healing for HIPS, our approach of
incorporating non-toxic solvent filled microcapsules to incorporate self-healing functionality to
readily available and recyclable thermoplastic composites is attractive due to its ease of flexibility
and adoption. Overall, this work validates the potential of a microcapsule-based solvent healing
approach to self-healing of a common and desirable thermoplastic polymer, HIPS, which has

previously not been demonstrated.
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Chapter 5

Fused Filament Fabrication of Self-healing

Polymer Composites

Reproduced from: Shinde, V. V.; Taylor, G.; Celestine, A. N.; Beckingham, B. S., Fused Filament
Fabrication 3D Printing of Self-healing High Impact Polystyrene (HIPS) Composites Utilizing
Ecofriendly  Solvent-filled = Microcapsules. ACS  Appl.  Polym.  Mater.  2022.
https://doi.org/10.1021/acsapm.1c01884.

5.1. Introduction

3D printing is an advanced technology for fabrication of three dimensional physical objects from
3D CAD designs [1], [2]. Owing to its key advantages including customization of complex and
unique designs and operational simplicity as compared to traditional methods, 3D printing finds
application in diverse industrial sectors including aerospace, robotics, electronics, automobile,
medical, construction, and design [3]-[5]. There is a large variety of 3D printing techniques, as
categorized by ASTM International F42, including fused filament fabrication (FFF) which is a
class of material extrusion that is the most common and broadly accessible technology due to its
affordable costs, with reduced cycle time and user-friendly approach [6], [7]. FFF constructs an
object from thin layers of extruded filaments of a semi-melted thermoplastic from 3D CAD models

[71, [8]. Currently, FFF is increasingly used for fabricating prototypes and functional spare parts
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using polymer materials at the design stage due to its ease of design, short fabrication timelines,
and ability to fabricate lighter parts with low cost and high functionality [6], [7].

While great strides are being made, the relatively poor mechanical strength and weak
interlayer adhesion between successive layers of FFF printed components can lead to inaccessible
damage within the polymer matrix which can lead to higher material failure rates [9]-[11].
Moreover, application of FFF 3D printing is limited by relatively poor surface roughness and
accuracy of 3D printed parts [12]-[14]. There are numerous factors responsible for the ultimate
mechanical properties, and thereby use-cases and useful lifetimes, of 3D printed components
including layer thickness, orientation of filaments during 3D printing, air gaps between layers, and
process of filament solidification during extrusion for which ongoing research has sought to
optimize the mechanical properties of FFF printed specimens [15], [16]. For instance, the use of
reinforcement fillers like carbon nanofibers have enhanced mechanical strength of FFF printed
components, although there are remaining challenges including fiber orientation in the polymer
matrix, fiber-matrix debonding, and void formation [17], [18]. Another approach to improve 3D
printed component lifetimes and reliability is to use a material system which autonomously heals
itself, i.e. self-healing [19]—-[21].

Self-healing is a phenomenon where material damage caused by external force is repaired
through a healing process that restores the material’s mechanical properties [22], [23]. Self-healing
material systems are generally categorized as capsule-based, vascular-based, or intrinsic self-
healing [20], [24], [25]. Intrinsic self-healing materials possess latent functionality within the
matrix, that heals fractures in the system triggered by material damage or an external stimuli such
as heat, UV light or external force [26]—[29]. Intrinsic self-healing is typically based on molecular

level chemical reactions such as hydrogen bonding or reversible polymerization [30]. Application
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of intrinsic self-healing materials is limited as it generally requires external stimuli such as heat or
UV light to initiate the self-healing process [24] and requires the use of functional (and many times
expensive) materials as the matrix which inherently sets the material properties of the system
limiting broad use across a range of applications. Microcapsule and microvascular-based
autonomous self-healing materials are both extrinsic self-healing approaches, where microcracks
in polymer matrices are healed through encapsulated healing agent in the form of either capsules
or vascular networks either by polymerization, or entanglement processes [19], [31]-[35]. For
instance, White et.al. investigated the performance of healing fluid filled vascular networks to
recover mechanical properties in response to large scale damage in polymer systems.*¢ Fabrication
and integration of vascular networks in 3D printed polymer composites, while feasible, is
challenging due to network complexity and chances of creating blockage and large volume void
formation after the healing event [35]. However, microcapsule based self-healing systems are
highly localized and can recover the fracture damage where it is initiated. For instance, White and
group reported self-repairing in epoxy based polymer composites containing dicyclopentadiene
(DCPD) monomer filled microcapsules [21]. Another approach is solvent-based self-healing, also
microcapsule-based, where microcracks in the polymer matrix rupture the microcapsules and
release solvent to the crack site, promoting chain mobility by locally solubilizing polymer chains,
and ultimately interlocking cracked surfaces upon solvent diffusion or evaporation away from the
crack site [37], [38]. Solvent based self-healing is efficient for thermoplastic polymers as polymer
chains mobility in the presence of solvent is feasible (in contrast to thermosets). This is a facile
and economical approach without the addition of crosslinker or external catalyst for fracture

recovery [37]-[39].
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Several studies have investigated 3D printing of intrinsic self-healing polymer systems
such as hydrogen bonding, ionic interactions, and Diels Alder reactions using stereolithography or
direct ink writing 3D printing to fabricate self-healing elastomeric or hydrogel structures [40]—
[43]. The 3D printing of thermoset microcapsule-based self-healing polymer composites via
stereolithography has also been reported, where monomer-filled microcapsules enable self-healing
to restore the polymer mechanical properties with the help of a catalyst by forming a crosslinked
network over the fracture site [19], [44]. Here, we demonstrate that microcracks formed in FFF
3D printed thermoplastic high impact polystyrene composites can be autonomically repaired by a
non-toxic and “green” organic solvent, ethyl phenylacetate (EPA), restoring mechanical properties
after a fracture event. To the extent of our knowledge, FFF 3D printing of an extrinsic,
microcapsule based self-healing polymer system has not been previously reported.

We investigate the FFF printing of a self-healing thermoplastic composite system with
high impact polystyrene (HIPS), a polymer with high toughness, embedded with non-toxic ethyl
phenylacetate (EPA) solvent-filled microcapsules. HIPS is a commonly used and recyclable
thermoplastic polymer for 3D printing with high impact strength, easy printability and low cost
[45]-[47]. Ethyl phenylacetate (EPA), a low toxicity and non-mutagenic small molecule found in
beer, wine and citrus fruits, is used as the healing fluid as it has a high boiling point (229 °C),
which is important for enabling the microcapsules to survive the FFF printing process, and a
solubility parameter (Sepa = 5.3 MPa'?) close to that of HIPS (Smips = 5.8 MPa!’?) facilitating
solvation and ultimately healing [48], [49]. The use of a sustainable healing fluid (EPA) and a
recyclable thermoplastic polymer (HIPS) to design and fabricate self-healing polymer composites
aims to contribute to a more environmental friendly society, reducing plastic pollution, energy use

and cost [50]-[54].
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EPA-filled microcapsules are prepared, coated onto the surface of commercially available
HIPS filament, and used to prepare FFF 3D printed self-healing composites. The survivability of
microcapsules after FFF printing is confirmed using low-field 'H-NMR spectroscopy and
thermogravimetric analysis (TGA). Microcapsule response to an induced microcrack is
demonstrated by scanning electron microscopy (SEM). Mechanical properties of the FFF 3D
printed composites containing microcapsules are examined using dynamic mechanical analysis
(DMA) and self-healing behavior is examined via fracture testing performed using the single edge
notch bend (SENB) test. Overall, these FFF 3D printed self-healing composites show solvent-
based autonomous self-healing of up to 81% fracture recovery illustrating their potential for

extending the lifetime of FFF 3D printed composites.

5.2. Materials and Methods

5.2.1. Materials

HIPS polymer pellets and filaments of diameter 1.75 mm were from 3DXtech. Polyurethane (PU)
prepolymer (Desmodur L 75, in ethyl acetate solvent, equivalent weight = 315 g, isocyanate
content = (13.3 £ 0.4) wt.%.) was graciously provided by Covestro. Ethylene-maleic anhydride
(EMA) copolymer (Zemac-400, Polyscience, Inc.) was used as a 2.5 wt.% aqueous solution.
Dichloromethane (DCM), CHClIs, urea, ammonium chloride, NaOH pellets, and tetrahydrofuran
(THF) were obtained from BDH chemicals. HCI (95%, Merck Chemicals), EPA (Sigma-Aldrich),
1-Octanol (Fischer Chemicals), Formaldehyde solution (formalin, 37 w/v %, BTC Chemicals) and
CDCIl3 (EMD Millipore). All DI water used in this investigation was Type-1 deionized water (DI

water) produced by a Waterpro BT Purification System from Labconco® (Kansas City, MO).
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5.2.2. Synthesis of PU-UF double-walled microcapsules with EPA core fluid

Self-healing double-walled EPA-filled microcapsules were fabricated following the general
procedure of Caruso et al. [31] with slight modifications to synthesize polyurethane/poly-(urea-
formaldehyde) (PU-UF) microcapsules in a single batch process via an in-situ interfacial oil-in-
water (O/W) emulsion polymerization process as described in Shinde et al. [19] which is
reproduced from Reference 19 (Chapter 3 in the dissertation, section 3.2.2). The only change in
the synthesis process here is the use of EPA as the core fluid in the organic phase; synthesis process
explained in Figure 5.1. Sieved double-walled PU-UF EPA microcapsules with an average

diameter of 126 pm + 20 um were utilized in this work (collected on the 106 um sieve tray).
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Figure 5.1. Schematic illustration of the in-situ interfacial emulsion polymerization process and

chemistry.
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5.2.3. Characterization of neat microcapsules

Microcapsule average diameter, presence of healing fluid and microcapsule size distribution of the
synthesized batch (150 measurements from 5 different aliquots) and the sieved batch (200
measurements from 4 different aliquots) were evaluated by optical microscopy via an Olympus 52
X7 microscope at varied magnifications with the use of Cellsens and ImageJ software. The surface
images of microcapsules were acquired using a Zeiss EVO50 microscope based Au sputter coated
samples. TGA was performed (TA Instruments Q500) to examine thermal stability and operational
temperature of microcapsules for the FFF process. The stability of the microcapsules in chemical
environments was investigated by visualizing microcapsule morphologies under an optical
microscope after soaking in deionized water, pH 4 and pH 10 buffer solution, THF, and
chloroform. After 2 days, a small fraction of microcapsule dispersed solution was placed on a glass
slide and viewed under microscope. In the case of water and pH solutions, microscopic images
showed microcapsules scattered in aqueous media and for organic solvents, it showed dried

microcapsules.

5.2.4. FFF 3D printing of self-healing HIPS composites

5.2.4.1. Preparation of microcapsule coated HIPS filaments

HIPS pellets (7 g) were dissolved in THF (100 mL) solvent. Once dissolved, double walled EPA
microcapsules (7.5 wt. %), were added and the formulation was stirred for 25-30 minutes at 40-45
°C. 7.5 wt. % microcapsules were added into the polymer solution to ensure availability of
sufficient concentration of microcapsules coated on polymer filaments for self-healing of
microcracks in FFF printed polymer composites. The polymer ink is polymer-microcapsule
solution, formulated for microcapsules coating on the 3D printing HIPS filaments. Initially,

polymer filaments of 1.75 mm + 0.05 mm diameter were passed through a manual hand drawn
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coater analogous to that utilized by Green et al. (shown in Figure 5.2) [55]. However, to achieve
uniform coatings for 3D printing, polymer filaments of 1.75 mm + 0.05 mm diameter were passed
through the microcapsule formulations using a custom-built continuous bath coater (Figure 5.2).
Coated polymer filaments were then dried in a vacuum oven at room temperature (24 °C) for at
least 1 hour prior to their use for FFF 3D printing. Filament diameter slightly increases upon
coating to 1.83 mm + 0.15 mm, though this is still within the printability specifications of the FFF
printer. TGA of microcapsule coated filaments was performed at a heat rate 10 °C/min from 25 to

500 °C under nitrogen flow.
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Polymer Filament Inlet Polymer Filament Outlet

Polymer Ink Drawn Coating Microcapsules Coating

Neat HIPS filament Microcapsules

- = 1mm
Polymer Ink Drawn Coating Microcapsule Coating

Figure 5.2. HIPS filament coating process. The photographs of A) polymer ink formulation
(polymer-microcapsules solution) and, B) Drawn coater (a manual hand drawn coater) illustrating
coating of microcapsules on the filament, C) Optical microscopic image of the microcapsules
coated HIPS filament; D) polymer ink formulation (polymer-microcapsules solution) and, E)
Drawn coater (a continuous bath coater) illustrating coating of microcapsules on the filament, F)

Optical microscopic image of the microcapsules coated HIPS filament.

5.2.4.2. 3D printing of microcapsules coated filaments
A spool of microcapsule-coated thermoplastic filaments was mounted onto the FFF Monoprice
Maker Select Plus (IIIP) 3D Printer and a STL file of a required 3D structure loaded into the CURA

software, provided by Monoprice, to generate a gcode file. A layer thickness of 100 micron was
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chosen. When the 3D printer nozzle arrived at the extrusion temperature (extrusion temperature
for HIPS is 205 °C), the filament was fed to the extrusion head and in the nozzle where it melted.
The extrusion head was appended to a 3-axes framework that enables it to move in all 3 directions,
the X, Y and Z directions. The softened material was expelled in thin polymer layers and deposited
layer-by-layer on the build plate, where it cooled and set. The cooling of the material was
quickened using cooling fans connected on the extrusion head. The Table 5.1 represents 3D
printing parameters for fabrication of self-healing HIPS composites. Rectangular self-healing
composite specimens with measurements 52.8 mm % 12 mm x 6 mm were fabricated via FFF for
mechanical characterization, fracture tests, SEM imaging, and evaluation of microcapsule
survivability after 3D printing. Figure 5.3 represents 3D printed HIPS rectangular specimen

images.

Figure 5.3. 3D printed rectangular specimen (52.8 mm X 12 mm x 6 mm) containing 7.5 wt.%

microcapsules.
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Table 5.1. 3D Printing parameters for 3D printing of HIPS composites

Printing parameter Values
Build pattern Alternating
Print Speed 65 mm/s
Print temperature 205 °C
Bed temperature 105 °C
Infill Density 100 %
Print direction XY

5.2.5. Characterization of FFF 3D printed self-healing composites

5.2.5.1. Thermogravimetric Analysis (TGA)

TGA of microcapsule coated filaments and FFF printed HIPS composite specimens was performed

on a TA instruments Q500 at a rate 10 °C/min from 25 to 600 °C under nitrogen flow.
5.2.5.2. 'H-NMR Spectroscopy

Microcapsules survivability after FFF printing was evaluated by 'H-NMR spectroscopy through
the release of encapsulated fluid (EPA) after mechanically crushing the specimens. The crushed
composite containing 7.5 wt.% microcapsules was rinsed with chloroform. The rinse was filtered
using Whatman filter paper to remove undissolved fragments and filtrate was added to an NMR
tube and the NMR spectra collected using a PULSAR 60 MHz NMR spectrometer from Oxford

Instruments.
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5.2.5.3. Scanning Electron Microscopy (SEM)

SEM was performed to visualize healing of microcracks in the FFF printed self-healing composites
containing 7.5 wt.% EPA filled microcapsules using a Zeiss EVO50 SEM. Microcrack-healing
performance and healing effect of the microcapsules were monitored and evaluated by
microfracture repair within 72 hours of healing time.

5.2.5.4. Mechanical Characterization

5.2.5.4.1. Dynamic Mechanical Analysis (DMA)

Thermomechanical properties of 3D printed composites were characterized by DMA (TA
instruments RSA III DMA) and fracture testing was carried out using a screw-driven Instron
mechanical test frame (Model 5565, 1kN load cell). Room temperature storage modulus (E') glass-
transition temperature (Tg, obtained as the peak value in tan delta curve) were determined using a

dynamic temperature ramp test with heat rate of 5 °C/min and a frequency of 1 Hz.

5.2.5.4.2. Fracture Toughness Single Edge Notch Beam Test

The performance of microcapsules to recover fracture toughness, Ko, in FFF 3D printed self-
healing HIPS composites was evaluated using the single-edge notched bend (SENB) fracture test
as per ASTM D5045 [56]. FFF printed specimens (52.8 mm x 12 mm x 6 mm) with 7.5 wt.% of
microcapsules were first pre-notched using a diamond tipped saw blade, process described in Ref.
37) [37]. The fracture toughness test is described in Shinde et al. [37] (reproduced in its entirety
from Reference 37; chapter 4 in the dissertation, section 4.2.7-Fracture testing). The crack length
to width (a/W) ratio was kept between 0.45 and 0.55 as per the ASTM protocol [56]. In this work,
the initial microcrack length including pre-notch and pre-crack length in each specimen was

approximately 6 mm, corresponding to a/W = 0.5. Displacement controlled SENB tests were
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performed via Instron at a strain rate of 5 mm/min with fracture toughness (Ko, MPa.m'!?)

determined as

P
Ko = < Q;)f(x) (1)
BW?2
_ o172 [199-x(1-2)(2.15-3.93+2.7x%)]
flx) = 6x oG @

where Pp is the fracture load (kN), B and W are the specimen thickness and width (cm)
respectively, and x is the crack to width ratio (a/W). Healing efficiency, 7, was investigated by
allowing the fractured specimens to heal undisturbed for 24 and 72 hours at room temperature

followed by a second fracture test and calculated as the ratio of healed fracture toughness (K;¢*'¢?)

to virgin (initial) fracture toughness (

Kgirg in); Equation 3. Four replicates were studied for each

specimen and the average and standard deviation reported.

(et
n (%) = (k2T X100 (%) 3)

Qlc

5.3. Results and Discussion

5.3.1. Microcapsule Characterization

Double shell walled microcapsules are targeted for their better mechanical strength as compared
to single walled microcapsules. This is primarily due to their thicker shell walls (as previously
reported by Caruso et. al., average shell wall thickness typically around (530 = 30) nm for double
shell-walled PU-UF microcapsules compared to (175 + 33) nm for single shell-walled PUF
microcapsules), which are critical for long term shelf life of the microcapsules and microcapsule
survivability at elevated temperatures and pressures such as those present in fused filament
fabrication (FFF) of polymer composites [31], [57]. Here, double shell walled microcapsules
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encapsulating ethyl phenylacetate (EPA) with polyurethane as the inner shell wall and poly(urea-
formaldehyde) as the outer shell wall were fabricated using an interfacial polymerization process
adopted from Caruso et. al. [31]. An in-situ interfacial polymerization process ensures successful
synthesis of microcapsules and their integration within polymer matrices for FFF 3D printing, as
it allows isolation of core fluid, good interfacial adhesion with polymer matrices due to a rough
microcapsule outer surface and better mechanical interlocking of microcapsules with polymer
surfaces, along with fast release of curing agent from microcapsules during damage event due to
capillary action and low viscosity of core fluid [19], [21], [37], [58], [59]. First, the polyurethane
shell wall is formed encapsulating the core fluid, EPA. Meanwhile, urea reacts with formaldehyde
in two stages; first under alkaline conditions, it forms urea-formaldehyde prepolymer derivative,
and in the second step, the urea-formaldehyde derivative under polycondensation reaction, forms
poly(urea-formaldehyde) (See Figure 5.1) [60]. As the molecular weight of the formed poly(urea-

formaldehyde) increases, it deposits onto the polyurethane shell wall, forming the outer shell wall.

As-synthesized microcapsules are visualized under an optical microscope and shown in
Figure 5.4A, B. The successful encapsulation of core fluid after microcapsule synthesis was
verified by mechanically crushing the microcapsules and confirming the release of core fluid under
the microscope as demonstrated in Figure 5.4B. The surface morphology of microcapsules was
also examined using SEM which confirmed spherical microcapsules were obtained, see Figure
5.4C, D. From the SEM images in Figure 5.4D, the outside surface of the EPA-filled microcapsules
appears rough, which helps improve surface adhesion between the microcapsules and polymer
matrix in the 3D printed specimens, promoting the release of healing fluid upon microcracking
and stimulating faster recovery of fracture [61]. The rougher exterior surface of microcapsules is

due to accumulation of excess urea-formaldehyde (UF) on the exterior wall [60]. It is also clear

139



Chapter S: Fused Filament Fabrication of Self-healing Polymer Composites

from both the optical images in Figure 5.4A and the SEM image in Figure 5.4C that microcapsules
with a wide range of sizes are produced. A non-uniform size distribution can occur due to
differences in flow characteristics of the emulsion as the emulsified solution flows rapidly around
the propeller in the agitation process. Consequently, the microcapsules further away from the
propeller have larger diameters, while the microcapsules closer to the propeller are smaller.®!
Therefore, investigation of microcapsule size distribution is important to evaluate the microcapsule

size range and to isolate the target size for 3D printing.

Figure 5.4. Visualization of microcapsules (A) optical microscopy image displaying intact
microcapsules, (B) microcapsules crushed under a cover slip showing release of core fluid, EPA,
(C) SEM image of microcapsules showing spherical particles of different sizes, and (D) SEM

image of a single microcapsule.
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Microcapsule particle size distribution of the sieved microcapsules (see Figure 5.5) was
evaluated by measuring microcapsule diameters from optical micrographs (see Figure 5.5A). Here,
the diameters of 200 randomly selected microcapsules from 5 different aliquots were measured
from optical microscopic images and a size distribution constructed. The sieved microcapsules
(collected on a 106 um sieve tray) size distribution is shown in Figure 5.5B. These microcapsules

have an average diameter of 126 um + 20 pm and were used for the entire work in this study.
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Figure 5.5. Optical microscopic image of A) sieved microcapsules, and particle size distribution
of (B) sieved batch of microcapsules (average diameter: 126 pym + 20 pm) where solid black lines

denote normal distribution for sieved batch.
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5.3.2. Microcapsule thermal stability

Microcapsule thermal stability was investigated by TGA; Figure 5.6. The microcapsules are
thermally stable up to around 210 °C, after which there is a decrease in sample mass with 5 wt.%
loss obtained at 225 °C and 95 wt.% mass loss observed at 271 °C. The precipitous drop in weight
at approximately 225 °C corresponds to microcapsule rupture and loss of EPA core fluid as vapor
near EPA’s normal boiling temperature (229 °C). The volatilization of the encapsulated solvent
EPA leads to rapid expansion, loss of microcapsule mechanical integrity, and corresponding
weight loss of EPA. As encapsulated solvent is the major component of the microcapsules by mass,

the observed weight loss near its boiling point also verifies successful encapsulation of EPA.
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Figure 5.6. Thermogravimetric (TGA) curve of EPA-filled microcapsules.

5.3.3. Microcapsule chemical stability
Microcapsule stability in solvents is evaluated for aqueous solutions of varied pH and a series of
organic solvents as exposure to solvents can degrade the microcapsule shell walls during

microcapsule solution preparation for coating microcapsules onto surfaces or, the focus here,
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polymer filaments. Moreover, it is important to study the chemical stability of microcapsules to
understand microcapsule storage stability which is directly related to the surrounding chemical
environment (temperature, humidity, pH, etc.) and stability of the core fluid with the encapsulating
matrix or shell material [62]. For instance, Sun. et al. noted that the thermosetting shell walls of
double-layered polyurea microcapsules swell through imbibition after immersion in organic
solvents including acetone, hexane, xylene, and dimethyl sulfoxide (DMSO), which can cause a
change in microcapsule morphology [63]. Here, 1 wt.% of microcapsules were immersed in DI
water, pH 4 and pH 10 water, chloroform, acetone, and tetrahydrofuran (THF). Optical
microscopic images were taken after soaking in these solutions for 48 hours (shown in Figure 5.7).
No deflation or breaking of microcapsules was observed in water, acidic, and basic solutions
(Figure 5.7A-C). Moreover, the formation of agglomerations was not observed, and microcapsules
remained segregated in these aqueous solutions. Similarly, in the organic solvents chloroform and
THF, microcapsules retained their shape, observed from microscopic images (Figure 5.7D, E).
However, in the case of acetone, the microcapsules showed some deflation (Figure 5.7F),
suggesting that this solvent should be avoided for microcapsule processing or processing of 3D
printed specimens containing these microcapsules; an observation consistent with the findings of

Sun et al. [63].
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Acetone

Figure 5.7. Optical microscope images of microcapsules after incubation in (A) water, (B) pH 4

water, (C) pH 10 water, (D) THF, (E) chloroform, and (F) acetone.

5.3.4. Microcapsule survivability after coating and 3D printing process

TGA was performed on microcapsules-coated HIPS filaments to confirm the presence of intact
microcapsules. Here, we focus on the initial 10 wt.% mass loss up to 350 °C; Figure 5.8B, however
full thermogram is shown in Figure 5.8A. The thermograms in Figure 5.8B show the virgin HIPS
filament (without microcapsules- 0 wt.%) is stable, and no substantial weight loss (less than 1
wt.% mass loss) is observed until above 300 °C. Meanwhile, microcapsule-coated filament with 2
wt.% microcapsules exhibit mass loss starting between 170 and 190 °C and approximately 1.9
wt.% loss up to 270 °C. This corresponds to the loss of EPA core fluid through boiling,
vaporization, and microcapsule rupture, and EPA fluid release, as it primarily occurs near EPA’s
boiling temperature (~ 229 °C), (see section 3.2 above, Figure 5.6) [37]. Similar behavior is

observed for the microcapsule-coated filaments with 2.5 wt.% and 7.5 wt.% microcapsules; with
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2.5 wt.%, and 6.6 wt.% mass loss at around 270 °C, respectively. Overall, the mass loss observed

in these filament specimens roughly tracks their relative microcapsule concentration and thereby

their EPA content.
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Figure 5.8. TGA thermograms of microcapsule coated filaments with increasing concentration
of microcapsules (0, 2, 2.5, 7.5 wt.%) A) Full thermogram, B) Thermogram representing initial

10 wt.% mass loss up to 350 °C.

To assess the capability of self-healing microcapsules to survive the FFF printing process,
specimens were 3D printed using microcapsule coated filament containing 7.5 wt.%
microcapsules. The presence of unbroken microcapsules after 3D printing was then evaluated by
mechanically crushing the specimen, rinsing with chloroform, and characterizing the presence of
EPA fluid in the chloroform rinse via 'TH-NMR spectroscopy. In the resulting 'H-NMR spectrum
shown in Figure 5.9, the presence of EPA is confirmed from the known methylene (-CHa-, 3.5
ppm), terminal methylene (-CHz-, 4.25 ppm) and terminal alkyl (-CHs3, 1.5 ppm) peaks for EPA.
As expected, the spectrum also shows characteristic peaks corresponding to the aromatic ring of

polystyrene in the range of 6.3 — 7.2 ppm. Overall, this simple experiment confirms that
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microcapsules remain intact after the FFF 3D printing process performed at elevated temperature

(205 °C).

8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
Chemical Shift (ppm)

Figure 5.9. 'H-NMR spectrum of crushed FFF printed specimen showing the presence of EPA

and thereby intact microcapsules in the printed specimen.

5.3.5. Dynamic Mechanical analysis

The impact of microcapsules on storage modulus (£’) and 7g was evaluated using DMA with 3
replicates of each printed specimen type. As shown in Table 5.2, the presence of microcapsules in
3D printed composites slightly decreases both the storage modulus (microcapsules act as small
defects and increases stress concentration zones in the polymer matrix decreasing £°) [37], [64].
and the observed Tg; obtained from peak value of tan delta curve of the HIPS composites. To
investigate the extent of these impacts on £’ and Tg, the mean and standard deviation of all values
of both specimen (0 and 7.5 wt.%) were calculated to find the coefficient of variance (CV, the ratio
of standard deviation to mean). A CV of 0.346 for £’ and 0.05 for Tg were obtained. Such low

values of CV (less than 0.5) for storage modulus and the obtained small standard deviations (Table
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5.2) indicate low data spread or variation in values. Overall, while the addition of microcapsules

impacts both £’ and Tg, the impact is relatively small.

Table 5.2. Storage modulus (E’) and glass transition temperature (Tg) of FFF printed HIPS

composites

Microcapsule Loading E’x 108 Tg
(wt.%) (Pa) ((®)

0 2.23+0.29 111+£2

7.5 1.26 £0.25 103 +4

5.3.6. Self-healing behavior

Evidence of microcrack healing in 3D printed self-healing polymer composites was first assessed
through SEM imaging of a 3D printed composite containing 7.5 wt.% microcapsules before and
after crack healing (Figure 5.10). After healing (Figure 5.10D) a thin layer of polymer film has
formed over the crack surface, closing the gap and recovering the fracture toughness. However, it
is also clear in Figure 5.10D that this particular crack is not completely healed, likely due to the
size of the fracture and not enough solvent being released from microcapsules at the crack site.
This type of partial healing limits the resulting fracture toughness after healing (discussed below)

and could potentially be improved with higher loadings of microcapsules.
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Figure 5.10. SEM images of A) microcrack prior to healing, B) microcrack post- healing, C) and

D) enlarged images of healed microcrack.

The fracture recovery in specimens printed with 7.5 wt.% EPA microcapsule-loaded
filament were determined via single edge notch beam (SENB) test. SENB is a fracture toughness
test, commonly used to investigate fracture toughness in polymer materials and in metals [19]. A
schematic of the fracture test performed for FFF printed polymer composite is shown in Figure
5.11. After the fracture event, pre-notched and pre-cracked composites were allowed to heal at
room temperature (24 °C) for 24 and 72 hours. Here, Fracture toughness after “healing” of

specimens without microcapsules wasn’t performed as once tested samples without self-healing
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microcapsules are fractured and further fracture testing along those fracture planes is precluded.
Here, specimens without microcapsules are used to show the difference in initial fracture
toughness between specimens with self-healing composites (microcapsule loaded fracture
toughness) and those without microcapsules but prepared similarly. As seen in Table 5.3, the
fracture toughness of the virgin FFF printed HIPS composites decreases in the presence of
microcapsules. This behavior has been observed with other composites and it is believed that the
microcapsules act as small defects in the polymer matrix, thus affecting overall fracture toughness
of self-healing composites [65]-[67]. However, the self-healing impact of the microcapsules is
clearly visible after the HIPS composites were allowed to heal for certain healing times. HIPS self-
healing composites showed fracture toughness recovery after 24 and 72 hours with 67 % and 81
% healing efficiency, respectively. The material behavior is therefore somewhat of a tradeoff
between the ultimate fracture toughness and the ability to self-heal which must then be considered
when assessing the ultimate potential lifetime of these materials for applications or use cases. The
increased fracture recovery with increase in healing time is consistent with other literature results

on related self-healing polymer materials [39], [68].

These fracture recovery results are comparable to other reports which utilized the 3D
printing approach to incorporate self-healing functionality in polymer materials. For self-healing
of thermoplastic polymers, Villajos et. al. reported on poly(ethylene-co-methacrylic acid)
(EMAA) copolymers reinforced with carbon nanotubes for 3D printing of self-healing composites
and observed 66% fracture toughness recovery [69]. Here, there is a limitation in material choice
as intrinsic self-healing systems typically require modifications to the polymer chemistry to
include moieties that undergo reversible bond formation ability such as hydrogen bonding, ionic

interactions, and disulfide bonds. For example, Ritzen et. al. utilized polyurethane polymer and an
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intrinsic self-healing mechanism where hydrogen bonding forms at the broken interface among
urethane units with full recovery of fracture toughness after damage event [70]. In our work, we
achieve 81% healing efficiency for, to the best of our knowledge, the first reported autonomous

microcapsule-based self-healing of FFF 3D printed HIPS composites.

P | Extended crack
Notch Hole Natural Crack Slng wRem allowed to heal
A —- E
40 mm
3D Printed Self- Pre-notched and Fracture Test: 3 Point Allowed to heal for
healing Composites Pre-cracked Sample Bending 24hr and 72hr
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% Healing Efficiency (n) = —vg—* 100

.’L'

Figure 5.11. A schematic of single edge notch beam (SENB) fracture toughness test.

Table 5.3. Pre-healing and post healing fracture toughness of 3D printed HIPS composites.

Post Healing Post Healing

Microcapsule Pre-healing Fracture Heal'mg Fracture Heal‘mg
. Fracture efficiency efficiency
Loading Toughness Toughness (%) Toughness (%)
0 12 12
(Wt.%) (MPa.m'?) (MPa.m"*) (MPa.m"*)
24 hours 72 hours
0 423 +£0.94 - - - -
7.5 3.36+0.34 2.24+0.31 67 2.73 +0.02 81
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5.4. Conclusion

In this work, double-walled microcapsules containing the environmentally friendly green solvent
ethyl phenylacetate were synthesized, incorporated in FFF printed HIPS composites, and the
efficacy of their solvent-based self-healing investigated. Microcapsules were coated on HIPS
filaments using a continuous bath coating process, and microcapsule-coated filaments were used
to 3D print HIPS composites. 'H-NMR and thermogravimetric analysis showed the presence of
intact microcapsules after coating and after the 3D printing process. Fracture toughness of virgin
and healed HIPS composites was investigated via single edge notch beam (SENB) tests and a
maximum healing efficiency of 81% was obtained by HIPS composites containing 7.5 wt.%
microcapsules. Enhancement in fracture toughness recovery in FFF printed structures implies that
microcapsules coating on polymer filaments can allow 3D printing of self-healing polymer
composites and extend material lifetime and reliability. This study provides a platform for self-

healing of other thermoplastic polymer materials via solvent-based self-healing approach.
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Chapter 6

3D Printing of Reactive Porous Media

Collaborative work with Dr. Lauren Beckingham and PhD student Abdullah Al Nahian.

6.1. Introduction

Increased atmospheric carbon dioxide (CO2) which captures outgoing infrared (IR) radiation from
Earth’s surface has led to a subsequent increase in near-surface global temperatures [1], [2]
Therefore, scientists are trying various ways to reduce the amount of CO: released into the
atmosphere and to capture atmospheric CO: in the subsurface systems. Geologic carbon
sequestration secures COz2 in deep geologic formations to prevent its release to the atmosphere and
from contributing to climate change [3]-[6]. However, geological systems are heterogeneous,
containing different layers of rock, differentiating in pores and grains [7], [8]. Hence, to ensure the
environmental sustainability of CO2 in geologic storage, we must understand the rates and
mechanisms of essential geochemical reactions that occur in the presence of CO2. Another issue
is scaling; in oil and gas reservoirs, scales of salts deposited in the porous media near the wellbore
area result in substantial reduction of the porosity and permeability of the rock formations, causing
flow blockage; creating a barrier to the oil extraction process [9]-[11]. The most encountered
scales in oil reservoirs consist of calcium carbonate (CaCO3) and calcium sulfate (CaSOs4) and
calcium phosphate (Ca3(POa4)2) salts formed by oil field water, which are mainly produced due to

pressure and temperature alterations, respectively [12]. Therefore, understanding the impacts of
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porous media properties on geochemical reactions is important but challenging due to the highly
heterogeneous nature of rock samples and consequently lack of replication across samples [13]—
[15]. In such heterogenous rocks, different geochemical reactions can have a consequential impact
on the chemical and physical properties, such as fluid chemistry and evolution of porosity and
permeability which increases complexity of the rock properties more. Understanding of these
properties in the real rock samples is thereby necessary. One potential way to replicate these
reactive rock samples and investigate the impact of mineral dissolution and precipitation on
porosity and permeability is 3D printing. 3D printing allows for fabrication of complex 3D objects

from X-ray Nano CT images [16]-[18].

A major goal of this project is to understand mineral dissolution and precipitation reactions
and impacts on porosity and permeability in porous media using 3D printing approach. This study
uses fused filament fabrication (FFF) 3D printing to fabricate multiple replicates of identical pore
structures. To incorporate reactive minerals (i.e., calcite) into the structure, a surface
functionalization and calcite growth approach is used. According to literature, sulphonated
polystyrene was found to be the suitable platform for calcite crystal growth [19]. High impact
polystyrene (HIPS) is used as the material for porous media fabrication via FFF, and is
subsequently treated to present sulfonic acid moieties on the surface to seed the growth of calcite.
Here, to investigate the capability of precipitating calcite crystals on a 3D printed polymer surface,
2D polymer films are used for this study. Fabrication, and surface functionalization of 2D polymer
films has successfully shown the presence of desired surface functional groups by 'H-NMR and
FTIR spectroscopy. The precipitation of calcite crystals on these reactive 2D HIPS films is
performed and evaluated by X-ray Nano CT and X-ray diffraction confirming the growth of

calcite. The growth of the precipitated crystals was continuously monitored by optical microscopy
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and the rate of crystal growth measured with respect to time. This approach will in the future, be
extended to surface functionalization and precipitation of calcite crystals within 3D printed pore
structures. Overall, this study provides a platform to use a 3D printing approach for creating
reactive rock sample replicates to evaluate mineral reaction and precipitation within porous

structures, mimicking geochemical reactions from geochemical systems.

6.2. Materials and Methods

6.2.1. Materials

High Impact Polystyrene (HIPS) thermoplastic polymer pellets were purchased from 3DXTech.
Sulfuric acid (98% purity) was purchased from Fisher Scientific. Stock solutions of calcium
chloride (0.2 M) and sodium bicarbonate (0.2 M) were prepared from crystalline calcium chloride
dihydrate (CaCl2-:2H20) and sodium bicarbonate (NaHCOs3) (purchased from BDH chemicals)
using deionized, distilled water. The calcium carbonate supersaturated solutions were prepared by
in-situ mixing equal volumes of solutions of calcium chloride and sodium bicarbonate. The
supersaturated solution was filtered through Whatman filter paper. Deuterated chloroform (CDCl3)
was purchased from EMD Millipore.

6.2.2. Experimental Methods

6.2.2.1. Preparation, Functionalization and Characterization of 2D Reactive Polymer films

High Impact polystyrene (HIPS) films were fabricated by compression molding with a Carver
(Model 4389) manual heated press at 180 °C. Films were then contacted with 11 M sulfuric acid
(98 % pure sulfuric acid diluted to 70 % acid concentration with DI water) at room temperature

for different time intervals (2hr, 4hr, 8hr, 1d, 2d). Acid treated films are analyzed for the presence
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of sulfonic acid group using FTIR and 'H-NMR spectroscopy. FTIR measurements were
performed using a Thermo Scientific Nicolet 6700 FTIR instrument equipped with attenuated total
reflection (ATR). 'TH-NMR spectroscopy was performed by dissolving acid treated and untreated
HIPS films in chloroform, and "H-NMR spectra were collected on an Oxford Instruments Pulsar
60 MHz spectrometer. Compression molded and acid treated polymer films were visualized under

optical microscopy using an Olympus 52x7 microscope with Cellsens software.
6.2.2.2. Calcite Crystal Growth Experiments on 2D polymer films.

The calcite solution (0.2 M) was allowed to flow through acid treated polymer films for 4, 8, 16,
24, 32 and 48 hours at constant flow rate 0.8 ml/min using experimental setup shown in Figure
6.1. The calcite precipitated films’ surface was examined post-experiment optically under optical
microscope, with ATR-FTIR spectroscopy, X-ray diffraction (XRD), and X-ray Nano CT. X-ray
CT analysis of calcite grown HIPS films were performed at voxel resolution of 0.7 micron and
obtained using 155 Zeiss 620 Versa located at Auburn University. Obtained images were cropped
to obtain a 765 x 783 x 783 voxel cube. Calcium carbonate crystal growth on the 2D polymer film
was monitored through an optical microscope (Olympus 52x7 microscope) connected to a
computer. Images of the precipitated crystals were captured at distinct time intervals, and the
average size of the first observed crystal in each experiment was measured for the investigation of

the rates of crystal growth with respect to time.
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Figure 6.1. Experimental setup for calcite crystal growth on the acid treated polymer films.

6.2.2.3 Generate mesh from CT image of rock and 3D Printing

In this study, a Bentheimer sandstone sample was selected as the basis for the 3D CAD model for
FFF 3D printing. 3D Micro-computed Tomography (MicroCT) images were obtained from Digital
Rock Portal (Neumann et al., 2020) and cropped into cylinder of 1 mm diameter from original
images, Figure 6.2 A, [20]. CT images were segmented into grain and pore space using Imagel
software. A region of interest is selected and 3D volumes in cylindrical form cropped to the
uniform size. A mesh based on the grains is generated with Dragonfly software shown Figure 6.2B.
The resulting mesh was then enlarged by 7.8, 15 and 20 times to print 3 different sized porous
specimens and to ensure that all the pores are reproduced properly. The mesh is converted to a
stereolithography (.stl) file to serve as the 3D printing mesh. Cropped grain meshes were printed
with high impact polystyrene polymer filament (1.75 mm diameter) using Monoprice IIIP 3D

printer and Prusa MK3S shown in Figure 6.2C. Extrusion temperature and bed temperature were
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230 -240 °C and 105 °C, respectively. Infill density used was 100%. Porosity value of 3D printed
cores was evaluated and compared with the original sandstone core sample porosity value. 3D
printed samples fabricated with varying printed parameters are considered (Table 6.2), and the

printing parameters that increase the accuracy of replicated rock samples are determined.

Figure 6.2. A) Thresholded 3D X-ray CT image of Bentheimer sandstone with grains in white, B)

3D stl mesh generated from X-ray CT images corresponding to grains, C) X-ray CT images of

3-D printed samples printed with High Impact Polystyrene filament.

6.3. Results and Discussion

6.3.1. Fabrication and Characterization of 2D reactive polymer films

6.3.1.1. Surface Functionalization of 2D polymer films

Here, to fabricate reactive porous media, a surface functionalization approach is used. We used
high impact polystyrene (HIPS) polymer for surface treatment via sulfonation to present sulfonic
acid moieties to seed the growth of calcite. Sulfonation of HIPS films with sulfuric acid (98 %

purity) was performed over the period of time to yield sulfonated surfaces and increase number of
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sulfonic acid groups to enhance polymer hydrophilicity to seed calcite crystals on the polymer
surface. After acid treatment, films were weighed and there was no change in weight or surface
degradation was observed (shown in Figure 6.3A, 6.3B). Acid treated films (acid treatment for 2
days) are analyzed for presence of sulfonic acid group using ATR-FTIR (Figure 6.3C) and 'H-
NMR spectroscopy (Figure 6.3D). The FTIR spectrum of acid treated HIPS in Figure 6.3C shows
absorption at 1027 cm! related to symmetric stretching bond (O=S=0) in SO3H, and band found
at 1178 cm™ is referred to (-SO2-O-). The FTIR spectrum showed weak absorption of sulfonic acid
groups detected by weak signals. The '"H-NMR spectrum (Figure 6.3D) of sulfonated HIPS showed

signal at 7.07 ppm which indicates partial sulfonation of benzene ring in high impact polystyrene.
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Figure 6.3. Optical microscopic images of 2D HIPS films A) as fabricated, B) after acid treatment
in sulfuric acid solution; C) FTIR spectrum of HIPS film (blue) and acid treated HIPS (violet), D)

NMR spectrum of HIPS (red), and acid treated HIPS (green).

6.3.1.2. Calcite Crystal Growth

After surface functionalization, precipitation of calcium carbonate from calcite solutions (0.2 M)
was investigated on 2D acid treated polymer films’ surface. The calcite precipitated films’ surface

was then examined optically (Figure 6.4D and 6.4E), with ATR FTIR spectroscopy (Figure 6.4A),
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X-ray diffraction (Figure 6.4B), and X-ray CT (Figure 6.4C). In optical microscopy images, calcite
crystallites are observed in the range of 15-25 pm. From microscopic images, the increase in acid
treatment time during sulfonation also leads to an increased numbers of crystallites formed. The
ATR-FTIR (Figure 6.4A) spectrum shows strong absorption at 715 ¢cm™,875 ecm™, and broad
absorption peak at 1400-1430 cm™!, indicating presence of calcite crystals on the acid treated HIPS
specimens. From XRD analysis (Figure 6.4B), a sharp peak signal at 29.5 2-theta corresponding
to calcite phase is observed in acid treated HIPS specimens. Therefore, the polymer surface has
calcite crystal growth based on this peak location in comparison with bulk calcite powder. Lastly,
3D X-ray CT analysis of calcite grown HIPS films were performed at voxel resolution of 0.7
micron. Obtained images were cropped to obtain a 765 x 783 x 783 voxel cube. In 3D stack image
(Figure 6.4C), a yellow voxel corresponds to calcite crystals. Here, we demonstrated the capability
of precipitating calcite on 2D HIPS films and approach to enhance calcite crystal growth on
polymer surface. We will extend this approach to the surface functionalization and precipitation

within 3D printed structures in the future work.
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Figure 6.4. Characterization of calcite grown polymer films A) ATR FTIR spectra of acid treated
HIPS film (blue) and calcium carbonate treated HIPS film (violet), B) XRD pattern of HIPS film
and calcium carbonate treated HIPS film, C) X-ray CT 3D image stack of calcium carbonate
treated HIPS films, Optical microscopic images of 2D HIPS films D) after Calcite precipitation
for 1 day with 0.2 M calcite solution (1 day acid treated film), E) after Calcite precipitation for 1

day with 0.2 M calcite solution (2-day acid treated film).

Moreover, the growth of the precipitated calcite crystals was continuously monitored by
optical microscopy and the rate of crystal growth was measured with respect to time. Figure 6.5
shows the growth of a crystal area (um?) as a function of time (hours) at ambient temperature. The
surface coverage of 2.57 mm? of the polymer film was captured under the microscope. Calcite
crystal surface area increased with respect to time and, after 32 hours, the increase of the crystal
area reached a plateau value, moving to equilibrium. The final size of the crystal was typically
around 17 pm?.
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Figure 6.5. Calcite crystal surface area evolution (um?) as a function of time (hours) during the

precipitation of CaCOs3 experiment.

6.3.2. 3D printing of porous media structures

Here, fused filament fabrication 3D printing is used to fabricate sets of physically identical porous
media specimen based on real porous media structures. Fused filament fabrication of porous
structures with different 3D printing parameters using HIPS filaments are conducted. Sample 1
from Table 6.2, with 100 pm printing resolution, 60 mm/s printing speed resulted into good quality
print with some internal printing defects within grains. The measured porosity (32.93%) of 3D
printed rock (sample 1 from Table 6.2) differed from the porosity of actual rock sample (the
porosity was 24%) (shown in Table 6.1). This suggests that 3D printed rock has several defected
regions which increases the pores area significantly. There are other reasons associated with
change in porosity of 3D printed porous structures as compared to actual rock sample which are
magnification of mesh file for 3D printing, cropping of actual segmented file for mesh file
generation and trapping of a polymer layers within micropores while 3D printing. Currently, work
to establish the impact of the model creation process on porosity is underway. Due to printing

speed, printing resolutions and mesh magnification dissimilarity might happen in between the real
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rock samples and 3D printed rock samples. The higher porosity obtained can be due to increase in

internal defects and poor interlayer adhesion during 3D printing, which was also evident in the X-

ray CT images of the sample (Figure 6.6).

Figure 6.6. X-ray CT image of compiled 2D slices in 3D cylinder, B) X-ray CT image slice of
3D sample, C) X-ray CT image slice of 3D sample after segmentation. (Images collected by

graduate student Abdullah Al Nahian, Dr. Lauren Beckingham research group).

Table 6.1. Sample Properties Calculated from the X-ray CT Images of the 3-D Printed Samples

(Data generated by graduate student Abdullah Al Nahian, Dr. Lauren Beckingham research

group).
Sample Voxel resolution (um)  Porosity
Bentheimer sandstone 3.998 24%
3D printed 17.97 32.93%
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Therefore, the printing speed, resolution, extrusion temperature, bed temperature and mesh
magnification parameters were used to obtain indistinguishable 3D printed rock samples from the
real rocks (see Table 6.2). Minimizing the printing speed to 10 % and maximizing the printing
resolution and optimizing mesh magnification resulted into better printing quality with minimal
internal defects within grains and pores (shown in Figure 6.7). Sample 8, 9 and 10, with optimal

3D printing parameters showed better printability with minimum printing defects.
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Table 6.2. 3D printing parameters to fabricate porous media specimens.

Sample Measurement Magnification Print size Resolution | Printing Extrusion Orientation Result
No. X, Y, Z) (mm) X, Y, Z) (mm) (nm) speed Temperature
(%) O

1 1.811, 1.3099, 20X 36.22,26.198, 100 60 225 Vertical Moderate!
3.6411 72.822

2 1.811, 1.3099, 5X 9.055, 6.5495, 100 20 225 Horizontal Poor?
3.6411 18.2055

3 1.811, 1.3099, 5X 9.055, 6.5495, 100 10 225 Horizontal Poor
3.6411 18.2055

4 1.811, 1.3099, 60X 108.66, 78.594, 100 10 225 Vertical Stretched?
3.6411 3.6411

5 0.6423, 0.6409, 45X 28.9035, 28.8405, 100 10 225 Vertical Moderate
1.229 55.305

6 0.6423, 0.6409, 45X 28.9035, 28.8405, 100 20 225 Vertical Poor
1.229 55.305

7 0.6423, 0.6409, 20X 12.846, 12.818, 100 10 240 Vertical Moderate
1.229 24.58

8 0.6423, 0.6409, 25X 16.0575, 16.0245, 100 10 240 Vertical Good*
1.229 30.7277

9 0.6423, 0.6409, 20X 12.846, 12.818, 75 50 240 Vertical Good
1.229 24.58

10 0.6423, 0.6409, 20X 12.846, 12.818, 75 10 240 Vertical Good
1.229 24.58

! Moderate printability indicates some internal 3D printing defects within the grains and pores.

2 Poor printability indicates maximum internal printing defects.

3 Stretched print indicates improper mesh and size magnification of stl file.

4 Good printability indicates minimal internal defects with less to no defects within the grains and pores.
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Figure 6.7. A) Thresholded X-ray CT image of Bentheimer sandstone with grains in white, B)
cropped 3D X-ray CT image of Bentheimer sandstone with grains in white (thresholded), C) X-
ray CT image slice of 3D sample (sample 9 from table 6.2), D) X-ray CT image of compiled 2D
slices in 3D cylinder, and E) thresholded X-ray CT slice of 3D printed sample (Sample 9 from
table 6.2). (Images collected by graduate student Abdullah Al Nahian, Dr. Lauren Beckingham

research group).
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6.4. Conclusion

This work investigates the viability of 3D printing samples to grow reactive minerals (calcite) and
to reflect properties those of natural geochemical samples. Rock structure images with pore
networks based on natural samples can be easily extracted from 3D X-ray CT images and serve as
the basis for fused filament fabrication printing. Primarily, the goal of this work was to demonstrate
the ability to grow calcite crystals on polymer surfaces This was investigated by using HIPS
polymer and functionalizing the polymer surface by acid treatment. The calcite growth was then
demonstrated by precipitation of calcite crystals on acid treated polymer surfaces. Fabrication and
surface functionalization of 2D polymer films showed presence of polar groups (SO3H). The
capability of precipitating calcite on 2D reactive HIPS films and approach to enhance calcite
crystal growth on polymer surface was also demonstrated. Through CT image analysis and image
segmentation of sandstone sample scans, the mesh and 3D print replicate were created, that can be
utilized in a series of replicate experiments to evaluate mineral dissolution and precipitation
reactions with changing conditions. Besides, other petrophysical properties, such us connected
pores, grain surface area, total accessible surface area and pore size distribution etc. will be

determined in future work to better understand the properties of 3D printed rock samples.
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This dissertation provided a comprehensive platform for extending the lifetimes of 3D printed
materials by incorporating self-healing properties in polymer composites to advance the
development of safer, reliable, long-lasting, low-cost, and sustainable polymer materials with a
wide range of properties and functionalities. The complex nature of self-healing and 3D printing
methods for polymer composites demands an understanding of multi-level molecular and
macroscopic events. Different 3D printing technologies have found applications for the
manufacturing of prototypes and customized functional parts for automobile, aerospace,
electronics, and biomedical applications, and the use of 3D printing in industrial manufacturing is
expected to increase as materials and methods advance. However, compared to parts fabricated by
traditional methods, 3D printed composites typically show poorer mechanical strength and thereby
increased potential for material damage and failure during fabrication and use. The key
contributions of this work were the introduction of different polymer materials and research
approaches for improving material durability, sustainability, chemistry, morphology, and
processing for 3D printing of multi-functional and multi-phase systems and the practical utility of

additive manufacturing technologies via a self-healing approach. It focused on fabricating self-
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healing systems by using two dominant 3D printing techniques, i.e., fused filament fabrication
(FFF) and stereolithography (SLA), via a microcapsule-based self-healing approach.

The key contributions of the stereolithographic (SLA) 3D printing of self-healing
composites research were the first successful fabrication of SLA 3D printed self-healing
composites based on microcapsule-catalyst autonomous self-healing, and enhanced understanding
of self-healing mechanisms for microcracks recovery within 3D printed composite structures and
ability of self-healing materials in retention of material matrix integrity towards preventing or
delaying mechanical failure. Initial reports on 3D printing of self-healing systems involved using
intrinsic physical and chemical properties of the matrix polymer or external triggers such as heat
and light to initiate self-healing. A novel approach to capsule-catalyst based self-healing for SLA
3D printing overcame the initial challenges, such as dependency on the latent functionality of a
polymer material for self-healing and limitations in using different chemistries of thermoset resins.
The other challenges like uniform microcapsules distribution in the polymer matrix, recovery of
brittle fractures, and negative impact of microcapsule addition on polymers’ physical properties
were overcome by uniform mixing of microcapsules and catalyst in polymer resin, the
optimization of microcapsule size and concentration, and investigation of microcapsules’ ability
to recover microcracks at room temperature. Overall, this investigation presented SLA 3D printed
self-healing composites based on microcapsule-catalyst autonomous self-healing and provided a
promising and flexible approach for fabricating 3D objects with self-healing characteristics.

The second part of the research, self-healing of thermoplastic polymer composites,
provided an understanding of the microcapsules filled with the non-toxic and environmentally

friendly solvent, EPA, for developing sustainable self-healing of a thermoplastic polymer, high
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impact polystyrene composites, through compression molding and fused filament fabrication. The
key contributions of this research work were the utilization of low toxicity, non-genotoxic, green
solvent, ethyl phenylacetate for investigating the self-healing in thermoplastic high impact
polystyrene (HIPS) via a solvent-based self-healing approach. The challenges in FFF 3D printing
as the relatively poor mechanical strength and weak interlayer adhesion between successive layers
of FFF printed components leading to inaccessible damages within the polymer matrix were
overcome by solvent-filled microcapsules integration within the HIPS polymer matrix and
microcracks recovery with the solvent release at the crack site and interlocking cracked surfaces
by the entanglement of polymer chains upon solvent diffusion. Overall, these FFF 3D printed self-
healing composites presented solvent-based autonomous self-healing of up to 81% fracture
recovery, illustrating their potential for extending the lifetime of FFF 3D printed composites. The
preliminary research explored potential methods for maximizing healing efficiency and optimizing
mechanical strength of FFF printed parts in the presence of microcapsules, but further
improvement will be conducted in future research.

In the last portion of the dissertation, 3D printing of reactive porous media enhanced the
understanding of geochemical reactions in porous media. Replication of natural samples using FFF
3D printing of thermoplastic polymer filaments provided a platform for replicating the physical,
hydraulic, mechanical, and chemical properties of natural samples and understanding mineral
dissolution and precipitation reactions in subsurface systems. The key contributions of this
research were the ability to fabricate heterogeneous porous structures similar to original rock
samples via FFF 3D printing and the utilization of polymer material design in optimizing mineral

precipitation within porous structures.
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Organization

In 7.1-7.3 sections of this chapter, overall work based on synthesis of microcapsules and its
incorporation in different classes of polymer i.e., thermoplastics and thermoset polymers for
construction of 3D printed self-healing composites is summarized and specific goals of future
projects are discussed based on results and additional preliminary work. Section 7.4 of this chapter
summarizes the results obtained so far and the suggestions for the future work. Lastly, section 7.5
summarizes broadly the research findings of the dissertation and describes how this work

contributes to scientific advancement.

7.1. Stereolithographic (SLA) 3D printing of self-healing composites

In this study, we have shown SLA 3D printing of a self-healing composites through incorporation
of monomer filled microcapsules into a thermoset resin matrix. We used commercial photo-resin
to incorporate microcapsules for 3D printing application. Dicyclopentadiene (DCPD) monomer
was used as the healing fluid in conjunction with Grubbs’ catalyst due to its ability to polymerize
at room temperature [1]. Resin formulations for SLA 3D printing were made with microcapsules
concentration of 5 wt. % and catalyst concentration of 0.5 wt. %.

Self-healing composites printed by stereolithographic 3D printing showed positive results
in terms of microcapsules survivability after 3D printing evaluated by TGA and 'H-NMR and also
in terms of recovery of mechanical properties such as fracture toughness and storage modulus. In
TGA, a sudden drop in the sample mass near the boiling point of the healing fluid confirms the
microcapsules survivability after 3D printing. The 'H-NMR spectra of healing fluid extracted from

crushed self-healing composites also confirmed this finding. Thermomechanical analysis of these
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self-healing composites was performed by DMA to investigate effects of microcapsules on storage
modulus and glass transition temperature and results showed that addition of microcapsules has a
negligible effect on storage modulus and glass transition temperature of self-healing composites.
However, more work on mechanical properties should be performed in future using three-point
bending test (ASTM D790) to study effect of microcapsules in different wt. % on mechanical
properties.

The fracture toughness and healing efficiency of microcapsules loaded composite
materials were evaluated using the single-edged notched beam (SENB) test. From fracture
toughness tests, it was observed that presence of microcapsules decreases fracture toughness value
of composite material. This can happen as microcapsules act as voids or defects in a polymeric
material. In fracture toughness test, after the damage event, composite materials containing 5 wt.
% of microcapsules were allowed to heal for 24 hours and 48 hours. Although it was observed that
self-healing composites with 5 wt. % of microcapsules showed maximum healing efficiency up to
73% after 2 days of healing.

In future, further investigation to improve healing efficiency of composite materials
should be done by varying microcapsule and catalyst concentrations. Also, composite materials
should be allowed to heal for different time periods (especially shorter times) to investigate healing
behavior further. Towards the end, microcapsules with DCPD as a core agent has been fabricated
via in-situ interfacial emulsion polymerization as explained in Chapter 3, and sieved in different
sizes including 25 pm, 50 um, 75 um and 100 um. Self-healing composite structures have been

3D printed via stereolithography using different microcapsules’ size and concentration (0 — 10 wt.
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%) and 0.5 wt. % of Grubbs’ catalyst. Figure 7.1 shows particle size distribution of 4 different

sizes of microcapsules synthesized.
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Figure 7.1. Particle size distribution of DCPD filled microcapsules’ representing different sizes.

These microcapsules with varied sizes and concentrations should be utilized in the future to
investigate the following specific aims:

Specific aims

Investigation of how capsule content impacts mechanical properties and self-healing
behavior. Impact of microcapsule content and size on mechanical properties should be examined
using flexural strength, flexural modulus, and yield strength of composite materials by three-point
bending test. To study role of capsule concentration on healing efficiency of composite materials,
fracture toughness of self-healing composites using different wt.%. of monomer filled
microcapsules such as 2.5, 5, 7.5 and 10 wt. % should be studied in order to determine whether

increasing capsule concentration can achieve higher recovery of fracture toughness leading to
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higher healing efficiencies and if this behavior has trade-offs with composite mechanical
properties in general.

Investigate the role of catalyst concentration on healing efficiency of composite materials.
Fracture toughness and flexural test of self-healing composites using different wt.%. of catalyst
should be performed in order to ascertain whether increasing catalyst concentration can achieve
higher recovery of fracture toughness leading to higher healing efficiencies or if catalyst

concentration may be lowered (lowering cost) while achieving analogous healing efficiency.

7.2. Self-healing of High Impact Polystyrene Composites

7.2.1. Self-healing of High Impact Polystyrene composites fabricated by compression

molding

This work investigated microcapsule-based self-healing of thermoplastic high impact polystyrene
(HIPS) composites using a environmentally friendly solvent, ethyl phenylacetate (EPA). EPA was
incorporated  within ~ double-walled  polyurethane-poly(urea-formaldehyde)  (PU-UF)
microcapsules which were then integrated within the HIPS specimens. These self-healing polymer
composites have the ability to intrinsically heal damage. TGA and 'H-NMR spectroscopy analysis
validated the presence of intact microcapsules in compression molded HIPS composites.
Mechanical characterization via flexural and fracture testing reveals that the addition of
microcapsules leads to a decrease in overall mechanical properties with increasing microcapsule
content. However, increasing microcapsule content also results in increased healing efficiency,
with up to 64 % recovery of the fracture toughness achieved at the higher microcapsule loading

(7.5 wt.%). This demonstrates the tradeoffs for consideration when translating this approach to
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target applications Therefore, there are still several unexplored tunable system parameters towards
minimizing these losses in mechanical properties which can be optimized in the future. Overall,
this work demonstrated inclusion of self-healing properties in a commercially important polymer
material with a non-toxic and environmentally friendly solvent and motivates further development
of thermoplastic self-healing composites for industrial applications. A similar approach is

extended to FFF 3D printing of HIPS composites containing EPA filled microcapsules.

7.2.2. Fused filament fabrication of self-healing high impact polystyrene (HIPS) composites

In this study, we demonstrated FFF 3D printing of a self-healing composites through incorporation
of solvent filled microcapsules into thermoplastic polymer matrices. We used high impact
polystyrene (HIPS) the material of interest to incorporate microcapsules for 3D printing. HIPS is
a low-cost material commonly used for 3D printing due its high impact strength and easy
machinability and fabrication [2]. Ethyl phenyl acetate (EPA) was the healing fluid used for self-
healing of HIPS composite materials due to its ability dissolve HIPS at room temperature as their
solubility parameters are close to each other. The solvent-based healing approach was utilized for
self-healing of thermoplastics as thermoplastic polymers in presence of solvent shows chain
mobility for the solvent-welding mechanism.

A filament coating method was used to coat a thin layer containing microcapsules onto
polymer filaments. One drawback of this method is the volatile solvent used to suspend the coating
polymer and microcapsules which adds cost and environmental impact. Additionally, a large
volume fraction of solvent can be required, and the fast evaporation rate of the solvent limits the

use of the prepared polymer ink to a relatively short time period. An alternative method to

187



Chapter 7: Summary and Future Work

incorporate microcapsules into polymer matrices can be extruding them directly into polymer
filaments with varied microcapsules content. Preliminary work on extrusion of filaments
containing microcapsules showed that more microcapsule quantity is required to have
microcapsules mixed throughout with HIPS pellets for extrusion. In application, this would add to
cost, and in the lab scale experiment, it leads to the ability to produce smaller quantities of filament
per microcapsule batch. Additionally, once the HIPS filaments with integrated microcapsules were
extruded, single screw extrusion did not result in dispersing the microcapsules uniformly within
the extruded HIPS filaments. Due to blending issues at the extruder scale when mixing HIPS
pellets and microcapsules, much of the filaments produced had inconsistent microcapsule loading
along their length and was not as circular in cross-section as commercial HIPS filament. Due to
these challenges, microcapsule coating on the filament using polymer ink prepared in the solvent
via a drawn coating approach was used to place microcapsules at the interlayers via 3D printing.
Preliminary work on self-healing of HIPS composites containing solvent-filled
microcapsules showed positive results in terms of both microcapsules survivability after 3D
printing evaluated by 'H-NMR and TGA and in terms of recovery of fracture toughness evaluated
by fracture test (ASTM D5045-14). Thermomechanical analysis of these self-healing composites
showed that addition of microcapsules showed negligible change in the bulk storage modulus and
glass transition temperature of the composite material. Three-point bending tests should be used
in the future to characterize the mechanical properties including flexural strength, flexural modulus
and young’s modulus to understand the effect of different wt. % (0-10 wt. %) of microcapsules on

composites’ mechanical properties.
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It was observed that the presence of microcapsules decreases fracture toughness of HIPS
composites, analogous to the behavior observed in SLA printed composites. Self-healing
composites with 7.5 wt. % microcapsules showed a maximum healing efficiency of 81 % after 72
hours of healing. Additional fracture toughness experiments should be conducted with varying
microcapsules content to examine the relationships between microcapsule content, bulk

mechanical properties, healing efficiency and healing time.

Potential specific aims of future work on these materials could include the following:

Specific aims

Investigate survivability of microcapsules in a melt extrusion method. Filament extrusion
should be attempted varying the temperature and microcapsule concentration and survivability of
microcapsules assessed by TGA and '"H NMR experiments.

Impact of microcapsule concentration on mechanical properties of self-healing composite
materials. Composites of varied microcapsule content can be prepared and tested for mechanical
properties. The flexural strength, flexural modulus and yield strength of composite materials
should be evaluated by flexural test.

Investigate role of self-healing microcapsule concentration on healing efficiency of composite
materials. Varied microcapsule content such as 2.5, 5, 7.5 and 10 wt. % should be used in order
to understand whether increasing capsule concentration could achieve higher recovery of fracture

toughness leading to higher healing efficiencies.
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7.3. Stereolithographic 3D printing of bio-based self-healing composites
As mentioned in Chapter 3, stereolithography is economical and simpler way to prepare
composites using thermoset resin material. A preliminary study was done with commercial resin
from the petroleum sources to prepare self-healing composites containing microcapsules and
catalyst. Although SLA self-healing polymer composites showed positive results in terms of
recovery of fracture toughness, they lack in a biocompatibility and renewability. Due to increase
in the environmental pollution and carbon emissions, bio-based systems are one opportunity to
decrease reliance on petroleum byproducts [3]. Also, fabrication of a biomedical devices or
prototypes using 3D printing innovations is gaining an industrial attention [4]. SLA 3D printing of
bio-based resin systems has been reported for biomedical applications [5-7]. Also, research in the
field of bio-resins where acrylates are blended with the epoxy material synthesized from vegetable
oil to make it eco-friendly have been reported [8]. Drawback of this process is, some of the epoxy
networks remains uncured due to fast curing of acrylates that can affect the properties of the 3D
printed materials. Moreover, the blend of epoxy and acrylate requires two initiators which can
make the process costly and complicated for 3D printing application. Although 3D printing of bio-
based self-healing composite materials has not been reported yet to best of our knowledge. Thus,
in this study, acrylate-based bio-resins were tested for their potential application in 3D printing
and self-healing.

Two different types of acrylates, isoboronyl acrylate and 1,10-decanediol diacrylate were
purchased from Sartomer Co. Ltd. and used to make blends of different mole ratios (20:80, 50:50
and 80:20). The monomer and their blend viscosities were characterized using a conical plate

geometry where viscosity measured as a function of shear rate shown in a Table 7.1. Viscosity
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data of bio-resins samples showed Newtonian behavior where with increasing shear rate, viscosity
was not changed. For stereolithographic 3D printing process, resin viscosity is an important
parameter. Commercial resins for the Formlabs 3D printers have viscosities in the range of 1.6 and
7.3 Pa-s, respectively and for Anycubic 3D printers in the range of 150-300 MPa.s. From Table
7.1, resin blends viscosity is comparably very low; therefore, addition of a viscosity modifier such

as an oligomer should be explored to increase resin viscosity prior to 3D printing.

Table 7.1 Viscosity data of uncured resin samples

Isoboronyl acrylate 1,10-decanediol diacrylate

Resin Viscosity (1)
(wt. / wt. %) (wt. / wt. %) (Pa.s)
Sample 1 100 0 0.0099
Sample 2 0 100 0.0077
Blend 1 20 80 0.0089
Blend 2 50 50 0.0084
Blend 3 80 20 0.0077

However, the ability to photo-cure these monomers was investigated by polymerization of
thin films under a UV lamp (405 nm) with diphenyl (2, 4, and 6- trimethyl benzoyl) phosphine
oxide (TPO) as a photoinitiator and 2, 5-bis (5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) as
an optical absorber as shown in Figure 7.2A. A double layered film was also prepared to ascertain

the compatibility of resin formulations for SLA 3D printing in a layer-by-layer fashion. FTIR of
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uncured samples and cured films was performed to confirm consumption of the anticipated double

bonds during the curing process (Figure 7.2B).
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Figure 7.2 A) Photocured 2D film of bio-resin, B) FTIR spectrum of cured photoresin (blue), and

uncured photoresin (orange).

To extend this preliminary work towards development of biobased resins for vat 3D printing, the
following specific aims are suggested:

Specific aims

Improvement in the viscosity of resin blend. All formulations should demonstrate significant
viscosity and should be readily polymerizable by the UV-laser-based SLA process. High-viscosity
resins tend to lead to higher resolution. Cellulose based esters or acrylate-based oligomers of high
viscosities could be added to the resin blends to increase the viscosity of the resin formulation.
Investigation of mechanical properties of 3D printed photocured samples. SLA 3D printing
of bio-based resin formulations can be performed to prepare bars for mechanical testing. The

flexural strength, flexural modulus and yield strength of composite materials should be evaluated
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by flexural test and results should be compared with mechanical properties of commercial
ANYCUBIC resin and other commercial petrochemical-based resins.

Study mechanical performance of 3D printed photocured samples. Long chain oligomers
(preferably bio-based) in different concentration should be added to bioresin formulations to
enhance strength and elastic modulus of the 3D printed materials. Oligomers have higher C=C
concentration as compared to monomer which provides higher crosslinking density after
photocuring which can also improve the strength and modulus of 3D printed materials.
Investigate application of self-healing to photocured bio-based samples. Self-healing materials
i.e., microcapsules containing one of the bio-resin as a core fluid can be synthesized. This
embedded monomer can be able to use residual catalyst from the photocured resin for damage
repair upon capsule burst. A multi-capsule-based system can also be studied where catalyst and
core fluid are encapsulated separately if residual catalyst does not achieve maximum recovery of

fracture toughness.

7.4. 3D Printing of Reactive Porous Media

This study was conducted in collaboration with Dr. Lauren Beckingham research and her group.
A major goal of this project is to understand mineral dissolution and precipitation reactions and
impacts on porosity and permeability in porous media using FFF 3D printing approach.
However, to achieve that, the first objective of this research is to utilize 3D printing to fabricate
reactive porous media and study the impact of variations in porous media structures and flow rates
on where, within individual pores, mineral reactions occur and the corresponding change in

porosity and permeability. This work investigates the viability of FFF 3D printing samples to grow
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reactive minerals (calcite) and to reflect properties those of natural geochemical samples. Rock
structure images with pore networks based on natural samples have been extracted from 3D X-ray
CT images and serve as the basis for fused filament fabrication printing. A polymer suitable for
3D printing and precipitation of calcite crystals was found by fabrication of 2D polymer films and
acid treating them to promote the growth of calcite crystals.

Fabrication and surface functionalization of 2D polymer films showed presence of
sulfonic acid groups, verified by FTIR and "H-NMR spectroscopy. The capability of precipitating
calcite on 2D reactive HIPS films and approach to enhance calcite crystal growth on a polymer
surface was also demonstrated using FTIR, XRD, Nano CT and Optical Microscopy. Through CT
image analysis and image segmentation of the sandstone sample scans, the mesh file was created,

and replicates were 3D printed.

To extend these findings the following specific aims are suggested for future investigations:
Specific aims

Fabrication of reactive porous media. FFF 3D printing should be used to fabricate sets of
physically replicate samples based on real porous media structures should be functionalized to
promote calcium carbonate precipitation and used to investigate the growth of calcite within these
specimens. Whole calcite growth on 2D films was represented that the complex flow experiment
within the porous media may lead to differences across calcite growth experiments. 3D X-ray CT
imaging should be used to examine the resulting precipitate growth and change in porosity in

individual pores and pore-throats.
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7.5. Contribution to Sustainable Polymer Composites

The dissertation discussed new design challenges and strategies for incorporating self-healing
materials in 3D printed systems with better stability, higher reactivity, and faster kinetics. For
instance, the capsule-catalyst based self-healing approach for SLA 3D printing showed the ability
of the healing fluid (DCPD monomer) to quickly polymerize in the presence of catalyst after a
fracture event at room temperature without external stimulus to recover structural function. In
addition, self-healing systems (microcapsule-based self-healing) for 3D printing demonstrated in
this dissertation involve targeted and uniform distribution of self-healing components for localized
fracture recovery to maximize healing efficiency while minimizing cost and detrimental effects to
the polymer matrix material. However, many challenges remain, for example, in terms of
repeatability, reproducibility, and consistency in the 3D printed parts and comparative analysis
with standard products based on accuracy and precision. This dissertation can help to point the
reader and researcher in the directions these self-healing materials could follow in the future as it
discusses the simplified approach in understanding these mechanisms. Finally, the outcomes and
understanding of this dissertation provide insights into the material design for additive
manufacturing of multi-functional and sustainable polymer systems. The 3D printing techniques
and material chemistries studied in this research will deliver the foundation for developing large-

scale economical, and durable 3D printed parts for industrial applications in the future.
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