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Chapter 1

Introduction

1.1 3D Printing and Additive Manufacturing

With the ability to shorten production times, while simultaneously minimizing material
waste, additive manufacturing technologies and techniques, including 3D printing, have
emerged with the potential to revolutionize the way various materials are produced, utilized
and repaired across a growing number of fields and applications. In fact, many industry experts
have dubbed additive manufacturing and 3D printing related technologies as the fourth
industrial revolution — Industry 4.0 — due to its highly disruptive nature in the manufacturing
sector. In order to accelerate product development and minimize manufacturing and
production costs (e.g. retooling), additive manufacturing is being used to 3D print a myriad of
parts and components for a number of products in applications ranging from aircrafts and
automobiles to biological implants and hearing aids, among many others."> The relative ease
and speed at which new parts and prototypes with complicated geometries can be designed and
fabricated has driven the need, and continued demand, for 3D printing technologies. In fact,
industrial adoption of 3D printing is projected to grow at a rate of 45% annually, surpassing a
$10 billion market space by 2020.’

Traditionally, 3D printing occurs in a multistep process through which a part is drafted
and designed using computer-aided design (CAD) software, converted to the appropriate file
type for printing, and finally, deposited in a layer-by-layer fashion using the desired material

to produce a final part.>* Formally, additive manufacturing is defined by the ISO/ASTM
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Figure 1.1 Various categories of additive manufacturing technologies

joint standard 52900 as the ‘process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies’. With a variety of compatible materials ranging from plastics,
metals, polymer composites and ceramics, to organic materials and living cells, additive
manufacturing technologies are typically categorized according to the selected material and

form of material deposition.>”"

Additive manufacturing technologies are often grouped
among seven main categories including: material extrusion, powder bed fusion, vat
polymerization, binder jetting, material jetting, direct energy deposition, and sheet lamination
(Figure 1.1).*

Though each approach has its own set of advantages and drawbacks, fused deposition
modeling (FDM), a form of material extrusion, has emerged as a prominent and popular form

of additive manufacturing. The relative affordability of FDM printing hardware, combined

with the ease of materials processing and ability to rapidly manufacture functional structures



and components, has helped drive the continued demand for FDM-related systems and
technologies not only in industrial applications, but for commercial and hobbyist use as well.”
Similar to other processes where parts and components are ‘built up’ in a layer-by-layer
fashion, FDM utilizes a thermoplastic feedstock to produce and manufacture the desired part
or structure. Here, a polymer-based filament is fed through a nozzle after being heated above
its melting temperature and the subsequent molten plastic is deposited onto a build plate. With
each layer of material deposited, the printer’s build plate is sequentially lowered as the nozzle
travels in a predetermined path following the part geometry to manufacture the final structure.

Through materials processing and design considerations, the development of new
polymer-based materials compatible with material extrusion-based technologies has been a
recent area of focus in the advancement of FDM technologies. Namely, there has been
increasing interest in the design and development of functionalized and other ‘smart’ materials
for additive manufacturing applications. In order to accomplish this goal, researchers have
explored the use of additives and polymer design/modifications to enable 3D-printed materials
and structures with a wide range of unique, and oftentimes enhanced, material properties,
behaviors and responses not observed in the unmodified host polymer host matrix.
Specifically, the incorporation of additives, such as nano- and micron-scale materials, for
example, within the 3D printing process is rapidly gaining interest in both academic and
industrial fields due to the tremendous flexibility that this approach offers for not only the
design of the materials, but also the additive manufacturing process as a whole.

On the length scale of approximately 1 — 100 um, the incorporation of nano- and other
micron-size material systems and additives within 3D printing processes can enable a number

of new and customizable material properties including enhanced material strength properties, '’



increased chemical durability'' and advanced optical responses,'> among other properties, that
are not observed in the unmodified host material. In order to develop such functionalized
composites, additives are typically incorporated within the 3D printing process using one of
two methodologies: (1) intermittent layer-by-layer deposition and introduction of the selected
additive in the unmodified host matrix through stoppages in the printing operation, and (2)
direct incorporation within printer filament through dissolution and premixing of the desired

13,14

additives within the polymer host matrix prior to printing. In this dissertation, I focus on

the second approach, where functionalized filament is designed, fabricated, and extruded for
use with conventional FDM type 3D printing systems for each composite material system

studied. To date, a range of organic"> and inorganic material systems including, carbon
g g g y g

16-18 19-24

. . 2526 27-29
nanotubes, metallic nanoparticles, graphene,” and fibers, 7 among others, are

various examples of nano- and micron-scale systems and additives that have been incorporated
within the 3D printing process. Such 3D-printed composites have been utilized for

T : - - 1 16,17,2122 17,19 -
applications including, but not limited to, conductive materials,'®'"*"** sensors,''* catalysis

31,32

and photocatalytic processes,”"° drug delivery systems, advanced optical applications,”

2729 1n each case, a number

and materials with improved mechanical strength and durability.
of physical parameters — ranging from solubility, miscibility, melting temperature and thermal
stability, to materials durability, processability and optical characteristics — are crucial
considerations for ensuring the compatibility and overall functionality of 3D-printed composite
systems.

Building upon the recent progress in these new 3D-printed material systems, the focus

of my dissertation revolves around the design, development, characterization, inspection, and

implementation of optically enhanced composites through the use of various nano- and micron-



scale additives. Specifically, I explore the incorporation of cadmium-based quantum dots
(Chapter 3), gold nanoparticles (Chapter 4) and zinc-based phosphor materials (Chapter 5)
within a polylactic acid (PLA) polymer host matrix for their compatibility with additive
manufacturing and FDM applications. Quantum dots, nanoparticles, and phosphors were
selected as additives based on a number of considerations including their compatibility with
PLA, tunable optical response, and stimuli responsive behavior, among others, as further
discussed in the following sections. For each composite system, material characterizations and
optical testing is performed to reveal the effects that functionalization has on the properties of
the embedded additives and PLA polymer host matrix following materials processing and 3D
printing. Additionally, relevant applications and potential end uses for the three material
systems are developed, including passive devices (frequency selective light guide and
nondestructive inspection gauge), and active devices (electroluminescent transducer), to
demonstrate the versatility of this approach for designing and developing functionalized
materials. With the continued adoption of additive manufacturing and 3D printing
technologies across a growing number of fields and industries, advancements in materials
processing and design techniques are becoming more and more necessary. The use of three
unique material additives demonstrates the scalability of this design process and approach for
ultimately expanding the number of material systems compatible with FDM applications

beyond just those discussed in this thesis.



1.2 Polylactic Acid (PLA) - Polymer Host Matrix

Polylactic acid (PLA) is a non-toxic biodegradable, aliphatic, thermoplastic polymer
made from renewable resources. It is one of the most commonly used plastics for 3D printing
and additive manufacturing applications due in part to its favorable materials properties.” >’
Falling under the category of linear polyesters, PLA is characterized by its amorphous semi-
crystalline structure with a melting temperature of ~180 °C and a glass transition temperature
near 70 °C. A number of common solvents such as dichloromethane (DCM), chloroform,
tetrahydrofuran (THF), pyridine and acetone, among others, have all been shown to effectively
dissolve PLA.*® Due to its molecular structure and other factors including molecular weight
and crystallinity, PLA can be synthesized and designed to have little to no optical contributions
across the visible range (i.e. 400 nm — 800 nm).”” Because both absorbance and
photoluminescence are either minimal or completely absent in the unmodified host matrix, the
overall optical response of PLA can be easily customized and tuned through the use of various
material additives as explored in this dissertation.

Over the past two decades, advancements in synthesis and polymerization procedures
have helped reduce the cost associated with the production of PLA, making it a viable
alternative to traditional petroleum-based plastics.”® Prior to its adoption for 3D printing and
additive manufacturing applications, PLA has been used with a number of conventional
manufacturing methods such as injection and blow molding. For melt-processing based
approaches, a pelletized PLA feedstock is heated above its melting temperature, injected into
the desired mold and subsequently cooled to obtain the final part or structure. Using these
techniques, functional products and parts ranging from biomedical implants and devices, to

packaging, coatings and films, among other products, have all been manufactured using



PLA.** The progression from conventional manufacturing approaches to its adoption for 3D
printing and additive manufacturing techniques was relatively organic, as a number of the
necessary materials processing and techniques and methods for PLA had previously been

developed.

1.3 Quantum Dots

Falling in the category of nanomaterials, quantum dots are crystalline, semiconductor
nanoparticles on the length scale of several nanometers. They exhibit distinct optical and other
electromagnetic characteristics that are typically not observed at the bulk scale.*’ Quantum
dots were first discovered in the early 1980°s and have been used in a number of diverse

% to biological imaging and tracking,*

applications ranging from solar cells,
lighting/displays*>*® (including the introduction of commercially available quantum dot TVs),
and mechanical load sensing,’’” just to name a few applications. By tuning the material
composition and relative size of the resulting quantum dot, the overall optical response and
behavior can be modulated according to the selected synthesis procedure.

The optical response and behavior of quantum dots are primarily driven by the presence
of discrete energy levels within the final material system. Sandwiched between the bottom of
the conduction band and top of the valence band, quantum dots contain a band gap in which

48,49
**” These sources,

electrons are able to move under the presence of external excitation sources.
including both electrical and optical inputs, cause the movement of excitons between electron-

hole pairs across the band gap, leading to the release of energy in the form of light due to

separation and recombination. This release of light is called fluorescence. The overall size of



the energy levels/band gap, and resultant fluorescence and emissive optical behavior, is
governed almost completely by the size and material composition of the quantum dot.>

Since their discovery, a number of quantum dot systems have been designed and
developed through such modulations in material properties and synthesis procedures.’’
Combining the range of applicable synthesis approaches (including colloidal synthesis,
lithography, and patterned growth, among others) with a variety of starting materials (e.g.
cadmium, zinc, sulfur, selenide, etc.), quantum dots can be tuned to emit virtually any color
across the visible spectrum.”” For the purposes of this dissertation, my work focuses
specifically on the use of cadmium-based quantum dot systems, namely cadmium sulfur
selenide graded alloy quantum dots (CdSSe QDs). CdSSe QDs were selected for their use in
3D printing applications in part due to their miscibility with PLA in its dissolved state, and
resultant optical properties with a relatively high quantum yield. Additional information
regarding the CdSSe QD synthesis procedure and incorporation within the 3D printing process

is discussed in Chapters 2 and 3, respectively.

1.4 Metallic Nanoparticles

Metallic nanoparticle systems, including the gold nanoparticles studied in this thesis,
represent an additional platform upon which optically enhanced materials for additive
manufacturing applications can be developed. With a variety of synthesis procedures dating
back to the 1850’s,”® a number of chemical modifications and ligand exchange procedures can
be performed to develop a range of gold nanoparticle-based polymers and materials compatible
with 3D printing applications. To date, gold nanomaterials have been used for various sensing

applications including the detection of mechanical loads,™ fluctuations in temperature,” and



1°"* and biological™ stimuli, through distinct changes

changes in pH,”® among other chemica
in optical properties alone.

Unlike quantum dot systems whose emission is primarily driven by band-gap energy
considerations, the optical response of gold nanoparticles is a result of electromagnetic effects
related to local surface plasmon resonance (LSPR).”> LSPR occurs when light interacts with
particles much smaller than the incident wavelength, leading to an oscillation of the particle
and a resultant peak in the recorded absorbance spectra.”’ The LSPR peak is sensitive to a
number of factors including nanoparticle shape, size, inter-particle distance and aggregation,
surface ligands, as well as the refractive index and dielectric properties of the surrounding
media. Fluctuations in any of these parameters have been shown to influence the optical
properties, and recorded absorbance spectra, of as-synthesized gold nanoparticles. While
intermediate in price relative to commercially available dyes, a combination of their multi-
stimuli responsive behavior, long-term temporal optical stability, chemical inertness and
solubility in various organic solvents make gold nanomaterials a promising approach for the
continued development of functionalized materials for additive manufacturing applications

and advanced sensing technologies. Detailed gold nanoparticle synthesis procedures as well

as their use in 3D printing applications is discussed in Chapters 2 and 4, respectively.

1.5 Phosphors

61,62 63—-65

With applications ranging from lighting and displays” ~~ to wearable devices and
even structural health monitoring® and visual sensing,®’ metal-doped phosphor systems have
received significant interest from the research community due to their tunable response and

behavior. Owing to their underlying composition and structure, luminescent phosphor



materials capable of emitting colors across the visible spectrum have been developed.®®®

Among the numerous phosphor systems that have been reported in the literature, ZnS-based
phosphors are one of the most commonly studied due to their combined intense luminescent

70-72

and emissive properties and temporal durability and stability. Transition metal ions,

70-73 72-75

including copper and manganese, are two examples of dopants that have been used to
modulate the optical response and emissive behavior of ZnS-based phosphor materials. In
each case, the substitution of metal ions within the host crystal lattice result in the formation
of discrete energy levels responsible for the observed differences in the luminescent and
emissive behaviors for the various metal ion dopants; similar to the driving mechanisms that
were previously described for quantum dot fluorescence.

Traditionally incorporated within a polymer host matrix or binder, both
electroluminescent (EL) and mechanoluminescent (ML) devices and structures capable of
optically responding to electrical and mechanical stimuli, respectively, have been
demonstrated using metal-doped phosphor systems. In each case, the application of an external
stimulus results in a bright luminescence due to the presence of the embedded phosphors. As
a third material system, ZnS-based phosphors were selected for the development of visually
responsive and optically enhanced materials compatible with additive manufacturing and 3D
printing applications due in part to the considerations listed above: intense luminescence and
optical response, temporal stability, and responsive nature to both mechanical and electrical

stimuli. Details regarding the fabrication and use of PLA/phosphor functionalized materials

and devices are included in Chapters 2 and 5, respectively.
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Figure 1.2 Graphical overview and outline of individual Chapters covered in this thesis

1.6 Scope of Work

The scope of this work involves the design and development of functionalized materials
for additive manufacturing applications. A graphical overview and outline detailing the
contribution of each chapter and this thesis as a whole is shown in Figure 1.2. Through various
materials processing and design considerations, I present a methodology that effectively
incorporates the unique material and size dependent behaviors of several nano- and micron-
scale additives within larger, bulk scale 3D-printed parts and materials. This approach is
described in further detail in Chapter 2, where functionalized filament compatible with
commercially available FDM 3D-printing systems is fabricated by combining a solution-based
mixing process with various drying and extrusion steps.

In Chapter 3, I describe the incorporation of fluorescent CdSSe quantum dots within a
3D printing process to evaluate the effects that functionalization has on the underlying

materials properties and the responses of both the polymer host matrix and embedded additive.
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Absorbance, photoluminescence, thermal analysis and mechanical testing are studied to
quantify how filament functionalization changes the optical and material properties of the
embedded quantum dots and PLA host matrix following 3D-printing. Additionally, following
materials characterization, I demonstrate the ability to 3D print light pipes and fluorescent
devices as a relevant application and potential use of quantum dots in additive manufacturing
applications.

In Chapter 4, I incorporate the optical properties of gold nanoparticles into 3D printed
specimens to facilitate nondestructive inspection through the detection of defects and missing
print layers. Consistent with Beer-Lambert’s Law for nanoparticles in solution, a linear
relationship between absorbance intensity and the total number of print layers is observed. By
analyzing changes in absorbance intensity, the presence, location and extent of material defects
as small as 0.2 mm are identified through a nondestructive approach to enable rapid inspection
of 3D printed parts and structures.

In Chapter 5, I demonstrate the use of ZnS:Cu phosphors in the development of stimuli
responsive materials compatible with additive manufacturing applications. Incorporated
within a PLA host matrix, ZnS:Cu functionalized filament is used to manufacture and 3D print
alternating current electroluminescent devices. By applying a voltage across the phosphor-
functionalized material, the 3D-printed alternating current electroluminescent devices
displayed a tunable bright blue/green luminescent behavior. The observed optical response
was found to be dependent on both the applied voltage and frequency of excitation, as the
recorded emission displayed a blue shift with increasing excitation frequencies.

By focusing on materials and process design parameters, this work reveals key insights

into how 3D-printed composite systems can be ‘programmed’ toward the development of
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multifunctional and stimuli-responsive materials. In all, the methodologies and approaches
discussed in this dissertation represent a collective body of work encompassing the design,
development, characterization, inspection and implementation of functional materials
compatible with FDM and 3D printing technologies. Through the proper selection of the
polymer host matrix and material additive, the processes and approaches developed in this
thesis represent a promising direction for the continued advancement of both functional

composite materials and the field of additive manufacturing as a whole.

13



Chapter 2

Experimental and Characterization Methods

The following section describes in detail the experimental work performed during the
development of functionalized materials for additive manufacturing applications and uses. An
overview of all relevant materials, synthesis and processing procedures, as well as relevant

material characterization and classification methods are herein described.

2.1 Materials

The following materials and chemicals were used as received in the development of
functionalized materials for additive manufacturing applications and uses. Cadmium oxide
(CdO, 99.99% Sigma), octadecene (ODE, 90% Sigma), oleic acid (OA, 90% Sigma), tri-n-
butylphosphine (TBP, 97% mixture of isomers Sigma), n-dodecylphosphonic acid (DDPA
Sigma), hexadecylamine (HDA, 98% Sigma), gold(III) chloride trihydrate (=99.9% trace metal
basis Sigma), tert-butyl amine borane (97% Sigma), elemental selenium (Se, 99.999% Alfa
Aesar), sulfur powder (USP Sublimed Fisher Scientific), triphenylphosphine (99% STREM
Chemicals), 1-dodecanethiol (298.5% Acros Organics), potassium hydroxide (KOH, Fischer
Scientific), trisodium citrate dehydrate (Sigma Aldrich), citric acid (Fischer Scientific), and
poly(acrylic acid) (PAA, My ~100,000 35 wt. % in H,O Sigma Aldrich) were used as received.
Dichloromethane, toluene, chloroform, tetrahydrofuran, pyridine, acetone and ethanol and all
other solvents were used as received from Sigma Aldrich or Fischer Scientific. Metal doped

phosphor powder was purchased from Fulcom (Marshal) Company Limited (LP-6842) and
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used as received. Polylactic acid pellets (3D850) were purchased from Filabot and supplied by
Natureworks. Conductive PLA filament was purchased from Proto-Pasta and poly vinyl
alcohol (PVA) filament was purchased from Ultimaker. ITO-coated glass slides were

purchased from Delta Technologies (Part No. CG-51IN-1115).

2.2 Quantum Dot Synthesis Procedures
The following synthesis procedures were used to synthesize the ultra-small white light
emitting cadmium sulfur selenide quantum dots and cadmium sulfur selenide graded alloy

quantum dots.

2.2.1 Ultra-Small White Light Emitting CdSe Quantum Dots

Ultra-small white light emitting cadmium selenide quantum dots (CdSe QDs) were
synthesized using a one-pot procedure according to the protocol described by Bowers et al.”®
A combination of 0.496 g dodecylphosphonic acid (DDPA), 0.128 g cadmium oxide (CdO), 6
g tri-n-octylphosphine oxide (TOPO), and 4 g hexadecylamine (HDA) were mixed together
and heated to 330 °C under inert atmosphere until a clear and colorless solution was obtained.
Next, a 0.2 M solution of Se:tributylphosphine (TBP) precursor was injected, quickly followed
by the addition of 15 mL of butanol to cool the solution (less than 10 s). The solution was then
quickly removed from the heating plate and rapidly cooled using compressed air, thereby
stopping QD growth. The resulting CdSe QDs were solvated in a chloroform to avoid
aggregation between individual QDs. Gel permeation chromatography (GPC), a method of
size exclusion chromatography (SEC), was then used to clean the CdSe QDs and remove any

precursor and byproducts leftover from the synthesis process. ‘Clean’ CdSe QDs were stored
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out of direct light to avoid quenching the QD emission. The synthesis produced monodisperse
QDs approximately 1.5 nm in diameter with quantum yields ranging from 6% to 10% on
average. To further increase the overall quantum yield, CdSe QDs were treated with a citric
acid capping agent. CdSe QDs in chloroform were added to an excess of citric acid and heated
to 60 °C. Once the temperature reached 60 °C, the solution was cooled and filtered to remove
excess citric acid. The quantum yield increased from ~10% to ~45% following treatment. Due
to the increased quantum yield, all samples discussed and tested in this dissertation were

fabricated using citric acid treated CdSe QDs.

2.2.2 CdSSe Graded Alloy Quantum Dots

Cadmium sulfur selenide graded alloy quantum dots (CdSSe QDs) were synthesized
according to the protocol presented by Keene et al.”” 1In short, the synthesis proceeded as
follows: 4 mmol cadmium oxide (CdO) and 16 mmol oleic acid (OA) were mixed with 80 mL
octadecene (ODE) in a 250 mL round bottom flask and heated with stirring to 300 °C under
inert atmosphere. Once the solution was clear and colorless, a mixture of 2.24 mL 0.75 M
sulfur/tri-n-butylphosphine/octadecene (S/TBP/ODE) was quickly injected. Following
injection, the reaction was further heated at 260 °C under stirring for an additional 2 h, upon
which the solution was cooled using compressed air. CdSSe QDs were cleaned through
centrifugation for 15 min at 7500 RPM in a butanol/ethanol mixture (3:2 ratio by volume),
resuspended in toluene and run through a column of poly(styrene-co-divinylbenzene).”
‘Clean’ CdSSe QDs were resuspended in toluene and stored out of direct light to avoid

quenching of the QD emission.
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2.3 Gold Nanoparticle Synthesis Procedures
The following synthesis procedures were used to synthesize poly(acrylic acid) coated

and dodecanethiol-capped gold nanoparticles.

2.3.1 Poly(Acrylic Acid) Coated Gold Nanoparticles

Poly(acrylic acid) (PAA) coated gold nanoparticles (AuNPs) were obtained through a
ligand exchange process previously reported in the literature.” First, water soluble gold
nanoparticles were synthesized according to a modified Turkevich method.*”®' On a stir plate,
50 mL of 0.25 mM gold(III) chloride trihydrate (HauCls*3H,0) in a flat bottom flask was
brought to a boil under reflux conditions to ensure a constant reaction volume. Once boiling,
I mL of sodium citrate (194 mM) was injected into the flask under vigorous stirring and
heating. After the addition of the sodium citrate reducing agent, the solution quickly changed
color from clear to bright red, indicating the formation of gold nanoparticles. The solution was
then heated for an additional 15 min and stirred under reflux conditions for 2 h. The resulting
solution was transferred to a brown bottle and stored in a refrigerator until use. As synthesized
nanoparticles had an average diameter of approximately 26 nm, as confirmed through UV-Vis
absorption data and corresponding calculations, as well as with dynamic light scattering (DLS)
measurements.

Following the above synthesis procedure, 1 mL of stock gold nanoparticles was
transferred into centrifuge tubes, and the pH of the solution was adjusted through the addition
of 40 uL. NaOH (0.5 M) to facilitate the ligand exchange process. This change in pH can be
visually observed, as the color of the gold nanoparticle solution shifted from red to purple/blue.

Next, 10 uL of PAA solution was added to the gold nanoparticle solution and sonicated for 1
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h to perform the ligand exchange. Following sonication, the PAA-coated gold nanoparticle
solution was centrifuged at 15,000 RPM for 15 min, and the supernatant was carefully
removed. PAA-coated gold nanoparticles were then further dried, and the resultant PAA-
coated gold nanoparticles were resuspended in 1 mL of the desired pH buffer solution or water
and again sonicated for an additional 60 min to adequately disperse the nanoparticles in the
aqueous media. PAA coated gold nanoparticles displayed a darker blue/gray coloration

following the ligand exchange process.

2.3.2 Dodecanethiol-stabilized Gold Nanoparticles
Dodecanethiol-stabilized gold nanoparticles (AuNPs) were synthesized according to

previously reported protocols.**®

Briefly, Au(PPh;3)Cl precursor was prepared through
dropwise addition of triphenylphosphine (3.6 mmol) to gold (III) chloride trihydrate
(HAuCl4*3H,0, 1.8 mmol) in ethanol (5 mL). The resulting solution was filtered and washed
with ethanol, and precipitated from acetone/THF (1:1 by volume). The resultant powder was
then recrystallized to obtain Au(PPh;)Cl. Next, Au(PPh;)Cl (0.25 mmol) and 125 uL of
dodecanethiol were dissolved in toluene (20 mL) in a 250 mL single neck round bottom flask
under stirring. The resulting mixture was heated to 50 °C, at which point tert-butyl amine
borane complex (2.5 mmol) was added under vigorous stirring and additional heating for 5
min. The solution changed color from clear to a dark purple, indicating the formation of
AuNPs. AuNPs were precipitated in cold ethanol and centrifuged for 15 min at 5 krpm.

AuNPs were washed twice with acetone via centrifugation for 15 min at 5 krpm, and the

resultant AuNPs were resuspended in toluene and stored in an amber bottle. As synthesized
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AuNPs had an average diameter of 4.39 = 0.93 nm, and displayed a well-defined surface

plasmon resonance (SPR) peak at 521 nm with a purple coloration when suspended in toluene.

2.4 Functionalized Filament Fabrication

PLA was selected as the host matrix for the fabrication of functionalized filament
according to the following four considerations: (1) mutual miscibility with various
nanomaterials and additives in solution; (2) minimal optical contributions across the visible
spectrum, including both absorbance and emission; (3) relative ease of materials processing;
and (4) compatibility with commercially available FDM printers. As previously discussed,
optically enhanced filament for 3D printing and additive manufacturing applications was
fabricated using a solution processing-based approach. As such, the overall solubility and
miscibility between the respective polymer-solvent and polymer-additive represents a crucial
consideration for evaluating the compatibility of the desired material system. Miscibility is
defined as the ability of two solutions to mix together and form a homogeneous solution, while
solubility describes the ability of a material to completely dissolve in a given solvent. In
addition to experimental testing, Hildebrand and Hansen solubility parameters can be used to
approximate polymer-solvent and polymer-nanoparticle interactions, and offer an additional
approach for evaluating the compatibility of a functionalized polymer system.* For the
purposes of this thesis, dichloromethane was selected and exclusively used as the solvent for
the dissolution of the PLA matrix. A poly aprotic solvent, dichloromethane is miscible with
chloroform, toluene, methanol, and other solvents commonly used in nanoparticle synthesis
procedures, allowing for the uniform mixing of the selected additive and PLA host matrix in

its dissolved state. Furthermore, dichloromethane has a relatively low boiling point (41°C)
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and a low vapor pressure, which enable the rapid evaporation and removal of solvent from the
PLA composite

The following procedure was used to fabricate functionalized filament compatible with
FDM type 3D printing systems. First, a desired amount of pure PLA pellets was dissolved in
dichloromethane under stirring. Upon complete dissolution, the selected additives were added
at the desired weight percent, and the mixture was further stirred. Once the additives were
well-dispersed and thoroughly mixed, the PLA composite mixture was separated among
crystallization dishes and dried to obtain a hard plastic. Dry plastic was then shredded to obtain
small pellets and further dried at 100 °C for 1 h to remove excess dichloromethane prior to
extrusion. This second drying step was found to be crucial, as the presence of dichloromethane
led to the formation of bubbles in the filament during the extrusion process. These bubbles
resulted in an inconsistent filament diameter and shape, ultimately yielding filament not
suitable for use with 3D printers. After drying and complete removal of dichloromethane, a
Filabot EX2 extrusion system was used to extrude pure PLA PLA/nanocomposite filament at
a temperature range of 170-180°C. Extruded filament, ~2.85 mm in diameter, was then

spooled using a Filabot Spooler and ready to be used for 3D printing and sample fabrication.

2.5 Sample Preparation and Fabrication

All 3D-printed test specimens were fabricated using an Ultimaker 3 Extended dual
extrusion FDM type 3D printing system. A 0.4 mm nozzle heated to 215 °C was used to
deposit filament onto a glass build plate heated to 60 °C with a print layer thickness of 0.1 mm.
All samples were printed with a 100% material infill. The print nozzle was purged with pure

PLA filament between prints to prevent clogging and minimize cross contamination between
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samples. Thin film templates ranging in thickness from 1 to 10 print layers (0.1 mm to 1 mm)
were fabricated to evaluate the optical response of the 3D printed composite systems studied,
as discussed in the following section. In an attempt to minimize variability, a number of
processing parameters were held constant between the three individual material systems tested
(Table 2.1). Most notably, the only difference in the filament fabrication process for the three
systems studied was the selected additive and its overall concentration in PLA. A number of
prior research studies have shown that differences in processing conditions including extrusion
temperature, printing temperature, layer height, print layer orientation, etc. can all significantly

85-87

influence the overall material response of 3D printed parts and samples. By holding these
variables constant, the aim of this approach was to reduce the number of variables that could
influence the overall material response, and instead focus on the impact of the selected additive
being studied.

Table 2.1 Variations in materials processing parameters and conditions between material
systems studied in this thesis.

Same Different
* PLA polymer host matrix * Selected material additive
* Polymer processing and filament o CdSSe quantum dots (Ch. 3)
fabrication steps » Oleic acid surface ligand
o Dissolution (dichloromethane) o Gold nanoparticles (Ch. 4)
o Drying (ambient conditions) = Dodecanethiol surface
o Shredding ligand
o Additional drying (100 °C) o ZnS:Cu phosphor (Ch. 5)
o Extruding (170-180 °C) * Concentration of material additive in
* 3D printing and sample fabrication PLA
o Nozzle temperature (215 °C)
o Build plate temperature (60 °C)
o Print layer height (0.1 mm)
o Print layer orientation
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2.6 Optical Characterization
2.6.1 UV Vis Spectroscopy

Ultraviolet-visible spectrophotometry, UV-Vis, is an experimental method commonly
used to determine the absorbance spectrum of a given sample. Absorbance is a useful metric
for evaluating various material parameters and optical properties including color, as well as
information regarding the concentration of nanoparticles and other additives in solution. In its
most simple configuration, a UV-Vis system functions by passing a beam of light through the
desired sample and measuring the corresponding intensity of the light that is transmitted
through and reaches the detector. The measured absorbance (A) is related to the transmission

of light according to Equation 2.1

2.1

%T)

A= —log (100%

where transmittance (%T) is calculated as the ratio between the initial intensity of the light
source (Ip) and intensity of the light that reaches the detector (I) after passing through the
sample (I/Ip). Absorbance is recorded for each component wavelength in the desired spectral
range being studied and used to plot the corresponding spectral response. For all tests
performed in this thesis, absorbance measurements were recorded using a Cary 60 UV-Vis
spectrophotometer system and accompanying software. This system uses a xenon pulse lamp
source and two silicon diode detectors with a wavelength accuracy of + 0.5 nm. Scans were
recorded at a rate of 4800 nm/min in the visible range from 400 — 800 nm for both solution-
based and solid 3D-printed samples tested. As discussed in Chapter 4, scan rate was not found

to influence the recorded absorbance response. A thin film adapter/holder was used to support
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3D-printed samples within the UV-Vis system during data collection and testing. Unless
otherwise stated, a minimum of three samples/scans were tested to evaluate the absorbance

response of the functionalized 3D-printed composites studied in this thesis.

2.6.2 Photoluminescence Response

Similar to absorbance, photoluminescence (PL) provides a metric upon which the
optical properties of fluorescent materials can be evaluated. Rather than measuring the amount
of light transmitted through a material, PL records the emission of a sample in its excited state.
Using an optical excitation source set to a specific wavelength/frequency, samples are
irradiated and the corresponding release of energy in the form of light is measured at a
secondary detector. This emission of light is called fluorescence. Through the recombination
of electron-hole pairs and movement of photons between the conduction and valence bands,
information regarding the optical behavior of a material can be evaluated and quantified for a
given spectral range.

For all tests performed in this study, P measurements were recorded using a PTI
spectrophotometer and accompanying software. A scan rate of 1 nm/s and 1 nm step size were
used for all samples tested. A laser was used as the optical excitation source, where the
frequency of excitation was selected based on the material system being studied. For CdSSe
QD samples, PL was recorded with an excitation wavelength of 500 nm, and the PL of
phosphor samples was recorded at an excitation wavelength of 400 nm. The wavelength
specified for the excitation source was chosen to be close to the band gap energy for the specific
material system being studied. Following excitation, the emitted light is recorded at the

secondary detector, where the intensity is measured at each component wavelength to construct
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the final PL spectra. PL measurements were recorded for both quantum dots in solution as
well as for quantum dots and phosphors in larger scale, bulk scale 3D-printed parts as discussed
in Chapters 3 and 5. In order to ensure repeatability between tests, a custom stand was used to
ensure uniform orientation and position between individual scans for 3D-printed thin film
samples. Samples were supported at a 45° angle relative to the laser excitation source. Again,
a minimum of three samples/scans was tested to evaluate the absorbance response of the

functionalized 3D-printed composites studied in this thesis unless otherwise stated.

2.6.3 Electroluminescence Response

Electroluminescence (EL) is defined as the luminescence and corresponding emission
of light under the presence of an electrical excitation source. Similar to fluorescence, EL is
related to the release of light resulting from the recombination of electron and hole pairs under
the presence of an external excitation source; in this case an applied voltage. The EL response
of 3D-printed ZnS:Cu alternating current electroluminescent (ACEL) discussed in Chapter 5
was evaluated for various voltage and frequency dependent combinations using a charge-
coupled device based spectrometer (Labsphere CDS 600 CCD spectrometer) and
accompanying software (OceanView). 3D-printed ACEL devices were excited using a
Keysight I0MHz function generator and Krohn-Hite voltage amplification system (model
7500) for frequencies ranging from 10 Hz to 10 kHz and voltages from 150 to 245 V.

Similar to the PL set up described above, the CCD spectrometer used to evaluate 3D-
printed ACEL devices functions by recording the intensity of light that is emitted for each
component wavelength across the spectral range being studied. As the recorded emission and

fluorescence data are recorded in terms of the number of photons hitting the detector (i.e.
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counts), the recorded data collected is uncalibrated and does not represent a particular optical
power or energy at a specified wavelength. A number of factors including the distance of the
spectrometer from the ACEL device sample as well as integration time can impact the recorded
EL response for a given sample. In order to address these constraints, the spectrometer was
supported at a fixed height above ACEL samples and an integration time of 2.5 sec was used
for all testing configurations. A total of five individual ACEL samples was printed and tested
to evaluate the EL response of the PLA/phosphor composite developed in this thesis. In order
to provide a comparison between the individual samples, the recorded optical response for each
sample was normalized according to its maximum EL response. Details of ACEL device

fabrication as well as comparison between individual samples are included in Chapter 5.

2.7 Material Characterization

2.7.1 Thermal Response

As a metric to evaluate the underlying response of the functionalized 3D-printed
materials, various thermal testing was performed. In particular, both thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were used to study the impact that
functionalization has on the PLA polymer host matrix. TGA testing is commonly used to
provide an indication of changes in physical material properties and overall resistance to
degradation with increasing temperature. For the functionalized composites studied, a small
sample of the 3D-printed material (~ 0.1 g) is loaded into a platinum reference pan (Instrument
Specialists PS2030) and heated from 25 to 500 °C using an Instrument Specialists TGA 1000
under nitrogen purge (100 mL/min). Over time, as temperature is increased, the mass of the

sample and any corresponding degradation is recorded. The resulting data is plotted with Mass
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(%) on the y-axis and Temperature (°C) on the x-axis (as shown in Figure 3.5). For the PLA
composite systems studied in this thesis, a single material degradation step was observed
regardless of additive or concentration. In each case, the material loss step occurred at a
temperature above those used for materials processing and 3D printing, and is further discussed
in Chapters 3 and 4, respectively.

In addition to TGA, DSC offers a second approach for evaluating the thermal response
of the functionalized composites studied in this thesis. Instead of evaluating changes in mass
with temperature, DSC is used to understand thermal phase transitions such as glass transition
temperature, crystallization temperature as well as melting temperature. These phase
transitions can provide a direct understanding of polymer chain structure and movement, as
variations in the amount of heat flow are recorded for increasing temperatures. When a phase
change occurs, the amount of heat required to go from a solid to a liquid, and vice versa,
changes. Such differences are recorded as the emergence of peaks, valleys, and shoulders in
the recorded DSC response (e.g. Figure 3.6). All DSC testing performed in this thesis was
conduced using a TA instruments Q 2000 under nitrogen purge (50 mL/min). Samples were
loaded into hermetic aluminum pans (TA Instruments DSC84012) and equilibrated at -25 °C
and heated to 225 °C at a rate of 25 °C/min where the temperature was held isothermally for 5
min before being cooled back to -25 °C. A total of three scans were run for each sample, and
the corresponding thermal data were recorded from the final scan. Averages and standard
deviations for each concentration and weight percent of additive studied were calculated from

the three independent scans, where additional discussion can found in Chapter 3.
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2.7.2 Mechanical Load Response

Mechanical testing was also studied to evaluate the impact that filament
functionalization has on the material response of functionalized 3D-printed composite
materials. The tensile load response of 3D-printed dogbone samples was analyzed using an
Instron 5944 single column load frame operating in displacement control at a rate of 5 mm/min.
ASTM D638 Type V (Standard Test Method for Tensile Properties of Plastics) tensile dogbone
samples were fabricated and tested to evaluate the impact that filament functionalization has
on the overall mechanical properties of the 3D-printed materials. A minimum of three tensile
specimens were averaged to obtain the data presented in this thesis, where all samples were
observed to break within their gauge length during testing. Again, it should be noted that all
processing parameters including print nozzle temperature, build plate temperature, print layer
height, and print layer orientation were kept constant between individual samples in an attempt
to minimize any impact on the recorded mechanical response. Relevant mechanical properties
including ultimate tensile strength, strain at break, tensile modulus and toughness were
evaluated with the data obtained for tensile testing. Additional information and discussion is

included in Chapter 3.

2.8 Additional Characterization Methods

Transmission and scanning transmission electron microscopy (TEM/STEM) images
for CdSSe QDs and gold nanoparticles in solution and in 3D-printed films were recorded using
a Technai Osiris electron microscope. Quantum dots and nanoparticles in solution were drop
cast onto a carbon-coated mesh grid, and the residual solvent was allowed to evaporate prior

to imaging. 3D-printed polymer samples were prepared using a microtome, where thin slices
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(approximately 75 nm in thickness) of PLA/CdSSe and PLA/AuNP samples were cut and
supported on a nickel grid prior to imaging. All TEM grids were purchased from TED Pella,
Inc. Differential interference contrast (DIC) and white light microscopy images for the
PLA/phosphor samples were recorded using a Zeiss Axiovert 200 Inverted Fluorescence
Microscope at various ranges of magnification. 3D-printed film thicknesses ranged from 0.1
mm to 0.5 mm. STEM and DIC/WL images and corresponding quantum dot, gold

nanoparticle, and phosphor sizes were analyzed using ImagelJ software.
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Chapter 3

Incorporation of Fluorescent Quantum Dots for 3D Printing and Additive

Manufacturing Applications

3.1 Introduction

In this chapter, I present a method for incorporating fluorescent quantum dots within
additive manufacturing and 3D printing processes and applications. To the best of my
knowledge, the paper I published that comprises this Chapter represents the first such report
related to the direct incorporation of quantum dots within FDM-type 3D printing
applications.®® Prior research has focused on the use of ink-jet printing technologies to
manufacture and print quantum dot structures on a relatively small scale,”””" but the method
discussed in this Chapter allows for the direct incorporation and implementation of quantum
dots within the additive manufacturing process to enable the agile production of larger-scale
parts and structures. As described in the experimental section of Chapter 2, the basis of this
approach revolves around the incorporation of cadmium sulfur selenide graded alloy quantum
dots (CdSSe QDs) within a polylactic acid (PLA) host matrix through solution-based mixing
to manufacture and extrude printer filament compatible with commercially available FDM 3D-
printing systems. As a functional demonstration of this new approach, light pipes and
fluorescent devices are manufactured using FDM by incorporating the optical response of the
embedded CdSSe QDs in the finished parts through the 3D printing process.

A variety of optical, thermal, and mechanical testing and material characterizations are
performed on 3D-printed samples to evaluate the effects of functionalization on the underlying

properties of both the embedded quantum dots and PLA polymer host matrix. Surface
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chemistry considerations, polymer structure, and the overall concentration of embedded
quantum dots were all found to impact the underlying material response of the as-printed
structures. Establishing an understanding of material behavior following materials processing,
functionalization, and printing, as well as the mechanisms that control these observed
responses, is a crucial step in the continued development, advancement and understanding of

functionalized materials for additive manufacturing and 3D printing applications.

3.2 Experimental Methods

Quantum dot based fluorescent filament compatible with commercially available
FDM-type 3D printing systems was fabricated according to the protocol and procedure detailed
in the experimental section of Chapter 2. CdSSe QDs were embedded in PLA at various
concentrations (i.e. 0% (pure PLA), 0.1%, 0.5%, 1%, 3%, 5%, 7% CdSSe QDs in PLA by
weight) and tested to evaluate the impact of functionalization on the material response of the
final 3D-printed structures and devices. Additional information relating to the optical, thermal

and mechanical testing and characterization is outlined in further detail in Chapter 2.

3.3 Results and Discussion

3.3.1 Optical properties of 3D-printed PLA/CdSSe QD nanocomposites

The as-synthesized CdSSe QDs, with a diameter of 5.7 + 1.0 nm, confirmed through
TEM measurements (Figure A.l), displayed an average quantum yield of 54% and
corresponding bright orange color/luminescence with a band-edge absorbance peak near 569

nm and a maximum photoluminescence (PL) emission intensity at 593 nm in solution. Thin
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film templates, 0.5 mm in thickness, were fabricated to study the optical properties and
characteristics of 3D-printed PLA/CdSSe QD samples at varying concentrations of CdSSe
QDs in PLA by weight (Figure 3.1). When incorporated within PLA, the absorbance behavior
and response of CdSSe QDs was relatively unchanged, as both the overall spectral shape and
absorbance peak location for 3D-printed films remained constant with CdSSe QDs in solution
following materials processing and printing (Figure 3.2a and 3.2b, respectively). Additionally,
3D-printed PLA/CdSSe QD films displayed a linear relationship between absorbance intensity
(measured at the absorbance peak for CdSSe QDs in solution, i.e. 569 nm) and quantum dot
concentration (% of CdSSe QDs in PLA by weight) for the 3D-printed samples studied (Figure
3.2¢). This behavior is consistent with Beer-Lambert’s Law, which relates the absorbance (A,
a.u.) of nanoparticles in solution to concentration (¢, mol/L), molar extinction coefficient (g,
M em™), and path length (I, cm) (Eqn. 3.1). For the 3D-printed films, when € and 1 (overall
film thickness, 0.5 mm) are held constant, a linear relationship between peak absorbance (A,
a.u.) and concentration of quantum dots embedded in PLA (c, % of CdSSe QDs in PLA by

weight) is obtained.

A =¢€lc (3.1)
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UV Excitation Ambient Light

PurePLA 0.1% CdSSe 0.5% CdSSe 1% CdSSe 3% CdSSe 5% CdSSe 7% CdSSe

»
»

Concentration (% CdSSe QDs in PLA by Weight)

Figure 3.1 3D-printed pure PLA and PLA/CdSSe QD films at varying concentrations of CdSSe
QDs in PLA by weight under a) ambient light and b) UV excitation (picture was taken using a
UV filter). Corresponding TEM image of c¢) CdSSe QDs drop cast from solution
(approximately 5.7 = 1.0 nm in diameter, scale bar 100 nm), high angle annular dark field
(HAADF) STEM images of d) PLA/CdSSe QD 3D-printed film (0.5% CdSSe QD in PLA by
weight, scale bar 200 nm), e) PLA/CdSSe QD 3D-printed film (3% CdSSe QD in PLA by
weight, scale bar 200 nm), f) PLA/CdSSe 3D-printed film (7% CdSSe QD in PLA by weight,
scale bar 200 nm). Aggregation between individual quantum dots can be seen at increasing
concentrations of CdSSe QDs in PLA.
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Figure 3.2 a) Average absorbance spectra of 3D-printed PLA/CdSSe QD films at varying
concentrations of CdSSe QDs in PLA by weight and CdSSe QDs in solution. b) Location of
absorbance peak for 3D-printed PLA/CdSSe QD films at varying concentrations of CdSSe
QDs in PLA by weight. c¢) Relationship between absorbance intensity (measured at absorbance
peak for CdSSe QDs in solution, 569 nm) and concentration of CdSSe QDs in PLA by weight.
d) Average photoluminescence spectra of 3D-printed PLA/CdSSe QD films at varying
concentrations of CdSSe QDs in PLA by weight and CdSSe QDs in solution. e) Location of
maximum photoluminescence for 3D-printed PLA/CdSSe QD films at varying concentrations
of CdSSe QDs in PLA by weight. f) Relationship between maximum photoluminescence
intensity and concentration of CdSSe QDs in PLA by weight.

The photoluminescence (PL) emission properties of 3D-printed PLA/CdSSe QD thin
films was also evaluated. Though the overall monochromatic behavior of CdSSe QDs in
solution was maintained following printing, a significant red shift in the location of maximum
PL intensity was observed for increasing concentrations of CdSSe QDs in PLA (Figure 3.2d
and 3.2e, respectively). For the highest concentration studied (7% CdSSe in PLA by weight),
the location of maximum PL intensity was red-shifted by 32 nm relative to CdSSe QDs in
solution. This spectral red shift is attributed to a combination of two factors previously

illuminated in the literature: quantum dot aggregation in 3D-printed PLA/CdSSe QD films,
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and the presence of multiple size populations in the as-synthesized graded alloy CdSSe QDs
enabling energy transfer from small to larger sized quantum dots in aggregated form.”'”?

In order to quantify the degree to which quantum dot aggregation influenced the
observed optical response, high angle annular dark field (HAADF) STEM images were
recorded for 3D-printed PLA/CdSSe QD structures. According to prior research, a direct
relationship between aggregation and the recorded spectral shift is expected.”’ At low
concentrations (i.e. 0.5% CdSSe in PLA by weight), minimal aggregation was observed, and
CdSSe QDs were well dispersed throughout the 3D-printed structure (Figure 3.1d). Relative
to CdSSe QDs in solution, the location for maximum PL emission was red-shifted by 4 nm for
the 0.5% PLA/CdSSe QD 3D-printed sample (Figure 3.2¢). At higher concentrations of CdSSe
QDs in PLA (i.e. 3% and 7% CdSSe QDs in PLA by weight), though, distinct aggregation
between individual quantum dots within the 3D-printed structures was confirmed (Figure 3.1e
and 3.1f). In these samples, embedded CdSSe QDs existed primarily in larger, aggregated
structures ranging in size from 49 = 24 nm to 70 + 54 nm, where the location of max PL
intensity red shifted 26 nm and 32 nm for 3% and 7% CdSSe QDs in PLA by weight,
respectively.

With increasing concentrations of embedded quantum dots and the resultant
aggregation in 3D-printed PLA/CdSSe QD films, energy transfer between the multiple size
populations in as-synthesized CdSSe QDs is expected to drive the observed spectral red shift
(Figure 3.2d and 3.2e). This energy transfer, and corresponding reabsorption, is displayed by
a narrowing of the full width at half maximum (FWHM) of the PL emission spectra for
increasing concentrations of CdSSe QDs in PLA (Figure 3.3). Here, the lower wavelength

emission associated with smaller quantum dots in the nanofunctionalized composite decreases,

34



g7 L

=)

S \

=6" \

Fy \

<5 AN

o \

=

4 \

on \

£ \

o3 ——

] \
N

5?2 N

T S ~

1

c1 —_——

[] ~

g ‘ =~ —-—

8 0 ‘ ‘ : s : s —f—

32 34 36 38 40 42 44 46 48

FWHM (nm)

Figure 3.3 Full width half maximum (FWHM) analysis of photoluminescence spectra for

PLA/CdSSe QD 3D-printed films at varying concentrations of of CdSSe QDs in PLA by
weight.

as its emission is reabsorbed by surrounding, larger CdSSe QDs, and the overall spectral
response begins to be dominated by the higher wavelength component of the quantum dot
emission. The spectral red shift observed for 3D-printed PLA/CdSSe QD films is expected to
continue to plateau with increasing concentrations of quantum dots, as indicated by the trends
obtained for the samples studied in this Chapter.

Similar to the observed spectral red shift, the overall maximum PL intensity of 3D-
printed PLA/CdSSe QD films was also found to be concentration dependent. Near a 3% by
weight loading, max PL intensity begins to reach a steady state for increasing concentrations
of CdSSe QDs in PLA (Figure 3.2f). These results are similar to previously reported findings,
where the emission intensity of ultra-small cadmium selenide quantum dots embedded within
polymeric films began to approach a maximum value with increasing concentration of

quantum dots.** These trends can be attributed to aggregation in the 3D-printed structures, and
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Figure 3.4 Lifetime analysis of 3D-printed PLA/CdSSe QD films and CdSSe QDs in Solution

a corresponding reduction in quantum efficiency of the aggregated quantum dots occurs due
to their close proximity.

Beyond absorbance and emission characteristics, fluorescence lifetime measurements
of CdSSe QDs in solution and 3D-printed PLA/CdSSe QD films were also evaluated. Decay
curves were fit to a three-component exponential function, and the lifetimes of PLA/CdSSe
QD films were found to be shorter than that of CdSSe QDs in solution (see Appendix A).
Again, this behavior can be attributed to the increase in aggregation and energy transfer
between the multiple size populations present in the PLA/CdSSe QD 3D-printed samples

(Figure 3.4).%
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3.3.2 Thermal properties 3D-printed of PLA/CdSSe QD nanocomposites

The thermal stability of PLA/CdSSe QD nanocomposite systems was studied using
thermogravimetric analysis. Residual weight versus temperature for 3D-printed pure PLA and
PLA/CdSSe QD samples are shown in Figure 3.5. All samples, regardless of CdSSe QD
concentration, displayed a single weight loss step beginning near 250 °C, followed by complete
material loss occurring above 350°C. With material extrusion/filament fabrication and 3D
printing operating temperatures of 180°C and 215°C, respectively, thermogravimetric analysis
confirms the thermal stability of PLA/CdSSe QD nanocomposites in the operating temperature
range, and that minimal material degradation or loss occurs during both the filament fabrication
and 3D printing processes.

The thermal response of 3D-printed PLA/CdSSe QD nanocomposites was further
studied using differential scanning calorimetry to better understand the behavior of the polymer
chain network and overall impact that filament functionalization has relative to the unmodified
PLA host matrix. Representative differential scanning calorimetry scans for 3D-printed pure
PLA and PLA/CdSSe QD samples are shown in Figure 3.6a. Average values for glass
transition temperature (T,), crystallization temperature (T.) and melting temperature (Ty,) are
plotted in Figure 6b and further detailed in Table 3.1. With increasing concentrations of CdSSe
QDs in PLA, glass transition, crystallization and melting temperatures were all observed to
decrease relative to the unmodified pure PLA following materials processing and 3D printing,
with more significant decreases in the recorded thermal transitions occurring at higher

concentrations of CdSSe QDs in PLA (Figure 3.6b).
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Figure 3.6 a) Representative differential scanning calorimetry curves for 3D-printed pure PLA
and PLA/CdSSe QD samples at various concentrations of CdSSe QDs in PLA by weight.
Dashed lines are guides for the eye and represent average values of pure PLA glass transition
temperature, crystallization temperature and melting temperature, from left to right
respectively. b) Average glass transition temperature, crystallization temperature and melting
temperature for 3D-printed pure PLA and PLA/CdSSe QDs at various concentrations of CdSSe
QDs in PLA by weight (data is further detailed in Table 3.1).
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Table 3.1 Differential scanning calorimetry results

Glass Transition Crystallization Ter;g::tgure
Temperature (°C) Temperature (°C) ©C)

Pure PLA 59.4+1.0 106.5 + 1.4 1725+ 1.3
0()11;/011?3184? 59.0+0.8 104.7 1.9 170.8 + 1.3
Ogg/zfgiie 59.1+4.4 101.9+ 1.6 171.3+3.7
1% iﬁci)SSZQD 502430 100.2 +2.1 172.1+2.9
3% iﬁci)SSZQD 534+15 95.7+1.9 166.8 + 1.5
5% i(li(i’SSZ QD 524+03 92.4+0.4 165.5+ 1.7
7% iﬁci)$€zQD 510+ 1.1 93.3+0.4 1632+ 1.0

These changes in thermal transition can be attributed to a combination of two
underlying mechanisms: 1) interactions between the PLA host matrix and natively bound
surface ligands present on CdSSe QDs, and 2) aggregation and agglomeration between CdSSe
QDs in the final 3D-printed structure. Surface ligand-polymer chain interactions are known to
have a significant impact on the overall behavior of polymer-based nanocomposite systems.
For attractive interactions, thermal transitions, namely glass transition temperature, are
typically observed to increase when compared to the unmodified host matrix even at relatively
high concentrations of embedded nanomaterials.”” This behavior is due in part to embedded
nanoparticles chemically interacting with and binding to the surrounding polymer host matrix,
restricting polymer motion due to an increased energy barrier for intermolecular chain
movement.”® In the case of 3D-printed PLA/CdSSe QD nanocomposites, though, the opposite
trend is observed. This behavior is attributed to poor interactions between the pure PLA chain
network and oleic acid surface ligands present on the embedded CdSSe QDs. Fatty acids, such
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as oleic acid, consisting of a long hydrocarbon chain and terminal carboxyl group, have been
previously reported to act as a plasticizing agents when incorporated within a pure PLA host
matrix.”” Plasticizing agents are known to lower glass transition temperature, as well as
crystallization and melting temperatures, by effectively allowing for improved polymer chain
mobility and alignment.”® It is expected that the methyl-rich surface of the oleic acid-modified
CdSSe QDs interacts weakly through Van der Waals forces with the PLA polymer chain
network. As such, I hypothesize that the lack of strong intermolecular interactions between
oleic acid and PLA results in the formation of additional free surfaces and free spaces near
embedded quantum dots, as PLA is unable to adequately wet the surface of oleic acid-capped
CdSSe QDs.

In addition to the aforementioned impact of native surface ligands, the size and
concentration of embedded nanomaterials, including the presence of aggregates, has also been
found to influence the overall thermal response of polymer-based nanocomposite systems.”
%1 As discussed previously, CdSSe QDs were observed to form aggregates in micelle-like
structures at increasing concentrations of quantum dots in PLA (Figure 3.1). With weak
chemical interactions between the surrounding polymer matrix, aggregated quantum dots can
be thought of as acting as void spaces in the 3D-printed PLA/CdSSe QD nanocomposite
systems. The presence of voids at nanoparticle-polymer interfaces have been found to reduce
the glass transition behavior of polymer-based nanocomposite systems due to the resultant
increased polymer mobility near the regions surrounding embedded nanomaterials.”® Thermal
transitions of 3D-printed PLA/CdSSe QD nanocomposites are expected to decrease with

increasing aggregate size due to the formation of larger polymer chain discontinuities and the
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resultant formation of interphase regions near quantum dot surfaces resulting from weak

polymer-nanoparticle interactions, consistent with the trends obtained in this study.'®

3.3.3 Mechanical properties of 3D-printed PLA/CdSSe QD nanocomposites

The tensile load responses of 3D-printed pure PLA and PLA/CdSSe QD samples were
studied to evaluate the impact of filament functionalization on the mechanical properties of as-
printed PLA/CdSSe QD nanocomposites. The presence of CdSSe QDs in 3D-printed dogbone

samples is visible under both ambient light, where samples maintained the orange coloration

Ambient Light

UV Excitation

0% 0.1%  0.5% 1% 3% 5% 7%

Concentration (% CdSSe in PLA by Weight)

Figure 3.7 3D-printed ASTM D638 Type V tensile dogbone specimen with varying of
concentration of CdSSe in PLA by weight under ambient light and UV excitation (top and
bottom, respectively).
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Figure 3.8 Tensile load response of 3D-printed pure PLA and PLA/CdSSe QD dogbone
specimens. a) Representative stress vs. strain curves for varying concentrations of CdSSe QDs
in PLA by weight. b) Average ultimate strength for varying concentrations of CdSSe QDs in
PLA by weight. c) Average strain at break for varying concentrations of CdSSe QDs in PLA
by weight. d) Average modulus for varying concentrations of CdSSe QDs in PLA by weight.
e) Average toughness for varying concentrations of CdSSe QDs in PLA by weight.

of CdSSe QDs in solution, and UV excitation, where the fluorescent behavior of the embedded
quantum dots was preserved following materials processing and 3D printing (Figure 3.7). It
should be noted that the purple coloration of the pure PLA and 0.1% PLA/QD samples is a
result of reflection from the backlight source, as the image was not taken with a UV filter.
Representative stress vs. strain curves for 3D-printed pure PLA and PLA/CdSSe QD dogbone
specimens loaded in tension are shown in Figure 3.8a. A summary of relevant mechanical
testing results, including average ultimate tensile strength, average strain at break, as well as
average elastic modulus and toughness for all samples tested is presented in Figure 3.8 and

further detailed in Table 3.2.
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Table 3.2 Mechanical properties of 3D-printed pure PLA and PLA/CdSSe QD tensile test
specimen

Average Average
Ultimate Average Strain 18 Average
. Tensile
Tensile at Break Modulus Toughness
Strength (mm/mm) (MPa) (x10° J/m?)
(MPa)
Pure PLA 62+1.0 0.26 +0.02 447 + 43 11+1.4
0.1% CdSSe
QD in PLA 58+1.0 0.23+0.03 342 +29 7.2+0.99
0.5% CdSSe
QD in PLA 55+0.81 0.23+0.03 354 +38 7.6 +0.95
()
1% .CdSSe QD 50+£0.26 0.19+0.01 342 + 11 5.5+0.52
in PLA
()
3% .CdSSe QD 42+1.0 0.20 +0.02 336 +21 5.3+0.47
in PLA
()
S/o.CdSSe QD 29+£0.71 0.16 £ 0.01 319+ 14 3.0+0.19
in PLA
(1)
7% CdSSe QD | 55 4 0.60 0.11+0.01 345+ 12 1.5 +0.30
in PLA

Similar to the results obtained for differential scanning calorimetry testing, the
mechanical load response of 3D-printed PLA/CdSSe QD specimens was found to be dependent
on the overall concentration of embedded quantum dots. For the tensile dogbone specimens,
ultimate strength, strain, modulus and toughness were all observed to decrease relative to pure
PLA following the inclusion of CdSSe QDs within the 3D-printed structures. The largest
decrease in material strength properties were, on average, observed for the highest
concentrations of embedded quantum dots. In fact, ultimate strength and fracture toughness
for PLA/CdSSe QD samples containing 7.0% quantum dots by weight were found to decrease
by 63% and 85%, respectively, relative to the unmodified pure PLA matrix. these changes in
material strength properties are again attributed to to a combination of weak polymer-surface

ligand interactions and quantum dot aggregation present in the final 3D-printed structures.
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Upon initial inspection of the recorded thermal and mechanical testing results, the
embedded quantum dots appear at first to be acting as a plasticizing agent. For polymer based
systems, and PLA in particular, the addition of plasticizers has been shown to decrease both
the ultimate tensile strength and tensile modulus, consistent with the results obtained for 3D-
printed PLA/CdSSe QD samples.'”'™* By promoting intermolecular chain movement,
plasticizers are also well known to cause increased deformation for thermoplastic materials.
In the case of the 3D-printed PLA/CdSSe QD nanocomposite system, though, elongation at
break was observed to decrease, resulting in a more brittle material response with increasing
concentrations of embedded quantum dots; this is the opposite effect of what is typically
observed for plasticized polymer systems.

At low concentrations of embedded quantum dots (i.e. 0.1% and 0.5% CdSSe QDs in
PLA), no statistical difference in the recorded strain response was observed relative to the
unmodified pure PLA host matrix, as samples had overlapping standard deviations. These
samples also displayed the smallest changes in recorded ultimate strength and toughness, as
the low concentrations of embedded quantum dots have limited impact on the polymer chain
network. The formation of aggregates and agglomerates in polymer-based nanocomposite
structures, however, has been shown to significantly influence the underlying polymer
structure and resulting thermal and mechanical behaviors. The presence of aggregates in a
polymer matrix, such as those observed in 3D-printed PLA/CdSSe QD structures at higher
concentrations of embedded quantum dots, can act as sites for crack initiation and propagation
that ultimately lead to the premature and brittle failure of nanocomposite systems.'” The
combined contribution of aggregation and the overall lack of interaction between oleic acid-

capped CdSSe QDs and surrounding PLA host matrix significantly reduces the ability of 3D-
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printed PLA/CdSSe QD nanocomposites to carry mechanical load. The resultant outcome is
a decreased ultimate tensile strength and strain at failure, where aggregated quantum dots
ultimately form representative void spacings within the PLA host matrix.

The impact of quantum dot functionalization on the recorded modulus and toughness
of PLA/CdSSe QD samples should also be noted. Modulus is commonly defined as the ability
of a material to deform elastically under the application of external load, and it offers a means
to measure corresponding stiffness of the material. Modulus for PLA/CdSSe QD samples was
recorded directly during tensile testing as the slope of the linear component of the stress-strain
curve (Figure 3.8a). Following the addition of CdSSe QDs to the PLA host matrix, a decrease
in the recorded modulus was observed. Unlike other thermal and mechanical testing results,
modulus did not appear to be dependent upon the overall concentration of embedded quantum
dots. Rather, a single drop in modulus of approximately 25% relative to unmodified pure PLA
was observed. These results are in line with previously reported polymer-nanocomposite
systems where increased polymer chain mobility due to the presence of embedded
nanomaterials resulted in a decreased modulus due to the lack of intermolecular interactions
present at the surface of the embedded quantum dots.'**'"’

Toughness was calculated as the integral under the stress-strain curve, and correlates
to the ability of a material to absorb energy when loaded. Typically, ductile materials are
thought of as being ‘tougher’ as they are able to absorb energy over longer periods of time due
to increased elongation before failure. With increasing concentration of CdSSe QDs in PLA,
a significant decrease in material toughness was observed. In line with the reduced ultimate
strength and strain at failure, material toughness decreases in accordance with the overall

concentration of embedded quantum dots. This reduction in capacity to absorb energy results
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from quantum dot aggregation and a corresponding inability to carry load due to the poor

intermolecular interactions between the CdSSe QDs and the surrounding PLA matrix.'*

3.3.4 3D-printed PLA/CdSSe QD light devices

In order to demonstrate a significant potential application for 3D-printed PLA/CdSSe
QD nanocomposite systems, hollow U-shaped optical light pipes were fabricated (Figures 3.9a
and 3.9b).'" Light pipes are components and devices that are used to transport or redirect light

. . 109
from a source to a desired location.

Proof-of-concept light pipes were 3D-printed using an
inner shell of PLA/CdSSe QD functionalized material (0.5% and 3.0% CdSSe QDs in PLA by
weight), surrounded by a white PLA exterior to aid with internal reflection of the quantum dot
emission. Although the light pipe does not currently operate using total internal reflection, it
is believed to transport light through a combination of reflection and scattering. Future studies
are to be completed in order to increase the amount of internal reflection in the 3D-printed
device. Methods to achieve this goal will focus on printing a surrounding layer with a higher
refractive index polymer than the PLA, or to coat the PLA/CdSSe QD layer with a reflective
material. When excited with an external emission source, a red shift in the location of
maximum PL emission relative to quantum dots in solution was observed for the light pipe
devices tested, similar to trends observed for PLA/CdSSe QD thin film samples discussed
previously (Figure 3.9c). Opposite from the trends displayed for 3D-printed PLA/CdSSe QD
thin films, though, the PL emission intensity for the optical light pipe was observed to decrease

with increasing concentration of embedded quantum dots (i.e. as the weight percent of CdSSe

Ds in PLA increased from 0.5% to 3.0%). This response can be attributed to the attenuation
p
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Figure 3.9 3D-printed optical light pipe. a) Top view. b) Profile view, thickness of interior
PLA/CdSSe QD layers tested was 1 mm and 2.5 mm, respectively. c¢) Normalized PL spectra
for CdSSe QD solution and 3D-printed PLA/CdSSe QD optical light pipes. d) PL spectra for
3D-printed PLA/CdSSe QD optical light pipes. e) 3D-printed fluorescent device under ambient

light. f) 3D-printed fluorescent device under UV excitation (picture was taken using a UV
filter).

of quantum dot emission due to the increased number of quantum dots absorbing light in the
3.0% PLA/CdSSe QD light pipe as compared to the 0.5% PLA/CdSSe QD light pipe.'"
Additionally, as the thickness of the PLA/CdSSe QD inner layer was reduced, the recorded PL
emission intensity was observed to decrease (Figure 3.9d). This trend is attributed to the
decrease in absorption cross-section and corresponding reduction in the overall number of
quantum dots along the excitation path. By tuning the size, concentration and type of
embedded quantum dots, as well as the thickness of the inner quantum dot-functionalized layer,
a customized optical light pipe with tunable emission wavelength and intensity can be obtained
by 3D-printing.

Additionally, as a second example of a representative application for 3D-printed light

device, a Vanderbilt logo was printed using PLA/CdSSe QD filament encased within a white
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PLA surround (Figures 3.9¢ and 3.9f). This device represents the capability of 3D-printing to
fabricate bulk-scale fluorescent displays, devices, and passive structures using multiple

materials.

3.4 Conclusions

In this Chapter, the ability to develop functionalized nanocomposite materials
compatible with 3D printing applications through the incorporation of CdSSe QDs within a
PLA host matrix was demonstrated. Focusing on materials processing considerations, CdSSe
QDs and PLA were mixed, dried and extruded to obtain filament compatible with stock fused
deposition modeling (FDM) type 3D printers. The optical, thermal and mechanical responses
of 3D-printed CdSSe QD structures were studied to evaluate the impact that filament
functionalization has relative to the unmodified PLA polymer host matrix. While the overall
absorbance behavior of CdSSe QDs was maintained following printing, slight changes in the
photoluminescent behavior was observed for 3D-printed CdSSe QD structures. Most
noticeable was the red shift in maximum PL emission intensity for increasing concentrations
of embedded CdSSe QDs. This spectral shift was attributed to a combination of aggregated
quantum dots within the 3D-printed structures and corresponding reabsorption resulting from
multiple size populations within embedded quantum dots. The thermal and mechanical
behaviors of 3D-printed PLA/CdSSe QD test specimens were also found to be dependent on
the overall concentration of embedded quantum dots. In this case, reductions in thermal
transitions and material strength properties are attributed to the presence of aggregated
quantum dots and the overall lack of interaction between the natively bound oleic acid surface

ligands present on CdSSe QDs and the surrounding PLA host matrix. By tuning the surface
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composition of the embedded quantum dots to promote favorable interactions with the polymer
host matrix, future research will focus on the development of quantum dot based 3D-printed
nanocomposite systems with enhanced optical and mechanical strength properties. The ability
to incorporate quantum dots and within 3D printing and additive manufacturing processes
represents an initial first step in the design, development, and expansion of new materials
systems combatable with additive manufacturing applications. Utilizing the insights gained
from the materials processing procedure and optical, thermal, and mechanical testing that was
performed for 3D-printed PLA/CdSSe QD composites, the following Chapters will focus on
the demonstration of additional material systems with enhanced, multifunctional behaviors and

properties for a variety of applications and uses.
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Chapter 4

Nondestructive Evaluation and Detection of Defects in 3D-Printed Materials Using the

Optical Properties of Gold Nanoparticles

4.1 Introduction

Building upon the work with 3D-printed quantum dot-based nanocomposite systems
discussed in the previous Chapter, a novel method that addresses a critical scientific barrier
encountered in these emerging materials and systems is presented in this Chapter; 3D printing
produces hidden defects that are not readily detected. Being highly composite in nature, the
layer-by-layer deposition process used in additive manufacturing presents ample opportunities
for the formation of defects and discontinuities. In both plastics and metals, the presence of
defects arising from 3D printing have been shown to reduce the overall strength and
performance of as-printed parts and materials.'"'''® Such defects typically arise in the form
of missing print layers resulting from a clogged print nozzle or under extrusion during the
printing operation, and defects vary in size based on the 3D printing system being used.''”'"®
Concerns related to cyber attacks on additive manufacturing systems have also indicated the
potential for the introduction of intentional and malicious defects or flaws within additively

119-121
manufactured components and parts.

To date, the nondestructive inspection and
evaluation of 3D-printed materials for such defects has been limited to a handful of techniques,
and is still a relatively new and emerging field of research.'”*'*” Inspection of 3D-printed
parts is crucial to prevent designs from being overly conservative and for quality control

purposes to help ensure that as-printed parts meet all design specifications. The development

of sensing methodologies to detect and monitor the presence of material defects produced
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during the AM process is needed to enable the adoption of 3D-printing such that the quality of
3D-printed parts and structures can be assured.'*®

The new method that I have published and is presented here detects the presence of
defects in 3D-printed structures based on the absorbance of gold nanoparticles through a
nondestructive approach.* Similar to the work described in Chapters 2 and 3, gold
nanoparticles are again incorporated within a PLA host matrix through a solution-based mixing
approach, and samples with at least one dimension on the millimeter-scale with varying
number of missing print layers are fabricated. By harnessing the optical properties of the
embedded gold nanoparticles, in accordance with trends predicted by Beer-Lambert’s Law, the
presence of defects in as-printed structures are shown to be detected, localized and quantified

based on nondestructive absorbance measurements alone.

4.2 Experimental Methods

Samples with varying weight percent of embedded gold nanoparticles (0% (i.e. pure
PLA), 0.05%, 0.1% and 0.2% by weight) were fabricated to study the overall impact that
concentration has on the optical properties of the 3D-printed nanofunctionalized composite
material. Additional details related to filament fabrication and sample preparation are included

in Chapter 2.

4.3 Results and Discussion
Dodecanethiol-stabilized gold nanoparticles (AuNPs), with an average diameter of
4.39 = 0.93 nm confirmed through TEM measurements (Figure 4.1a), were synthesized

82,83

according to previously reported protocols (Chapter 2). Prior to filament fabrication and
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Figure 4.1 a) Histogram and TEM image of as-synthesized AuNPs, with an average size of
439 = 0.93 nm after mixing. b) TEM image of 3D-printed PLA/AuNP film (0.1%
weight/weight AuNP in PLA). AuNPs, bright spots in image, are well dispersed throughout
the PLA matrix following materials processing, extruding and 3D printing.

incorporation within the PLA host matrix, miscibility of the PLA/AuNP mixture was
confirmed through the resuspension of AuNPs in dichloromethane. Following solvent transfer,
the optical properties and absorbance response of AuNPs in dichloromethane was unchanged
when compared to their recorded response in toluene (Figure 4.2a). Additional solvents
commonly used to dissolve PLA including chloroform, tetrahydrofuran, pyridine and acetone
were also evaluated with dodecanethiol-stabilized AuNPs to further investigate the impact of
solvent transfer on the optical properties of AuNPs.*® It was found that AuNPs were miscible
with chloroform and tetrahydrofuran, in addition to toluene and dichloromethane, but not
pyridine or acetone (Figure 4.2b). Mutual miscibility between the respective polymer solvent
and nanoparticle system, i.e. AuNPs suspended in dichloromethane, is a crucial consideration
in the design of nano-functionalized materials for 3D-printing applications as discussed in

Chapter 2.
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Figure 4.2 Optical response of AuNPs suspended in various solvents; a) Normalized
absorbance spectra for AuNPs suspended in various solvents known to dissolve PLA. Minimal
change in absorbance spectra and location of SPR peak is observed for AuNP in
dichloromethane (DCM), chloroform and tetrahydrofuran (THF). b) From left to right,
solutions of AuNPs suspended in toluene, dichloromethane, chloroform, tetrahydrofuran,
pyridine and acetone. Miscibility of AuNPs in toluene, dichloromethane, chloroform and
tetrahydrofuran is indicated by the purple coloration of nanoparticle solution.
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Figure 4.3 Absorbance of (a) PLA/AuNP and (b) pure PLA 3D-printed films measured at
different scan rates recorded at 521 nm. Scan rates of 4800 nm/min, 2400 nm/min and 1200
nm/min for fast, medium and slow scans, respectively, were studied.

Thin films of pure PLA and PLA/AuNPs at varying concentrations of embedded
nanoparticles were fabricated to study the optical response of AuNPs following materials
processing and 3D printing (Figures 4.4e and 4.6a). A total of 15 scans, recorded from five

individual samples and measured at three distinct locations, were statistically analyzed to
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obtain the average absorbance and error bars herein presented. Absorbance measurements
were recorded at a rate of 4800 nm/min in the visible range from 400 — 800 nm, where the
corresponding response was found to be independent of the scan rate used for data collection
(Figure 4.3). Due to scattering present in the 3D-printed films, the y-axis on all absorbance
spectra recorded using the UV-Vis setup are labeled as ‘Extinction (a.u.)’ in order to better
represent the combined effect of absorbance and any scattering present in the recorded spectral
measurements.

Overall, the optical response and characteristics of AuNPs in solution are preserved
following materials processing and printing, as 3D-printed films displayed a purple coloration
consistent with AuNPs in solution and no change in the overall shape or behavior of the
recorded absorbance spectra was observed for films with varying number of print layers
(Figures 4.2 and 4.4). These results are in line with those reported for the absorbance response
of PLA/CdSSe QD samples discussed in Chapter 3. Due to the quantum dot aggregation
observed in Chapter 3, PLA/AuNP samples were fabricated at much lower concentration, to
ensure AuNPs would be well dispersed with minimal aggregation in as-printed films. This
behavior was confirmed through TEM measurements of the 3D-printed PLA/AuNP films
(Figure 4.1b). 3D-printed pure PLA films are clear/white and have minimal absorbance across
the visible spectrum regardless of the total number of print layers tested, consistent with

129,130 . .
*°" The noise in the absorbance spectra

previously reported results (Figures 4.4e and 4.4f).
for both pure PLA and PLA/AuNP specimens is attributed to the physical structure of the as-

printed films, as the layer-by-layer deposition process introduces a number of locations for

increased light scattering.
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Figure 4.4 a) Absorbance spectrum of AuNP suspended in toluene (with a SPR peak at 521nm)
and 3D printed PLA/AuNP films (0.05% AuNP in PLA by weight) with increasing number of
print layers from 2 — 10 total layers (i.e. 0.2 mm — 1.0 mm). b) Absorbance spectrum of 3D
printed PLA/AuNP films (0.1% AuNP in PLA by weight) with increasing number of print
layers. c) Absorbance spectrum of 3D printed PLA/AuNP films (0.2% AuNP in PLA by
weight) with increasing number of print layers. d) Absorbance spectrum of pure PLA films
with increasing number of print layers. e) 3D-printed films of pure PLA and PLA/AuNP at
concentrations of 0.05%, 0.1% and 0.2% AuNP in PLA by weight. f) Absorbance measured at
SPR peak vs. number of print layers for 3D printed films of pure PLA and PLA/AuNP at
concentrations of 0.05%, 0.1% and 0.2% AuNP in PLA by weight.
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Figure 4.5 (a) Absorbance spectrum for AuNPs suspended in toluene at various concentrations.

b) Concentration of nanoparticles in solution vs. absorbance measured at SPR peak (521 nm)
demonstrating Beers Law for AuNPs in solution.

The absorbance of 3D-printed PLA/AuNP films was found to be directly dependent on
overall material thickness and total number of print layers (Figures 4.4a —4.4c). These results
are again consistent with Beer-Lambert’s Law for nanoparticles in solution discussed in
Chapter 3, where a linear relationship between absorbance measured at the SPR peak and
concentration of AuNPs in solution is obtained (Equation 3.1 and Figure 4.5). Similarly, a
linear relationship between the total number of print layers and absorbance (measured at the
SPR peak for AuNPs in solution, 521 nm) is obtained for 3D-printed PLA/AuNP thin films at
varying concentrations of AuNP in PLA by weight (Figure 4.4f, Table 4.1). In this case, the
molar extinction coefficient and concentration of AuNPs in PLA remain constant, while the
measured path length changes with increasing number of print layers and overall material
thickness. Through the inclusion of AuNPs within 3D-printed structures, I am able to correlate
the total number of PLA/AuNP print layers and absorbance in accordance with trends predicted

by Beer-Lambert’s Law.
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Table 4.1 Equations used to fit data and corresponding R-square values for varying
concentrations of AuNP in PLA/AuNP solid films (y = absorbance/extinction, x = number of
print layers).

Concentration AuNP in PLA . . R-squared
by Weight Equation Used to Fit Data Value
0 y =0.03103*exp(0.03787*x) -
0% (Pure PLA) 0.03086*exp(-1.042%x) 0.9854
0.05% y =0.02974*x + 0.008598 0.9965
0.1% y =0.07552*x - 0.002997 0.9908
0.2% y=0.1171*x + 0.02097 0.9972

Utilizing this relationship, I present an alternative methodology in which the presence
of defects and missing print layers in 3D-printed parts can be detected, localized and quantified
through the inclusion of nanoparticles within the 3D printing process. To test this hypothesis,
the absorbance of both PLA/AuNP and pure PLA control samples containing voids of 0.2 mm,
0.3 mm and 0.4 mm, representing two, three and four missing print layers, respectively, were
studied (Figures 4.6b — 4.6d). To ensure uniform and repeatable void configurations between
individual test samples, an internal support structure was printed using a polyvinyl alcohol
(PVA) support. PVA was selected as the support polymer due to its minimal absorbance in
the visible range,”' representative of defects and missing print layers that may arise in the 3D
printing process (Figure 4.7).

Representative absorbance spectra for a PLA/AuNP film (0.1% AuNP in PLA by
weight) measured at locations with no missing print layers, and two, three and four missing
print layers, indicates the feasibility of the proposed approach for nondestructive defect
detection and localization (Figure 4.8a). When absorbance measured at the SPR peak is plotted
for regions with and without voids, the presence of missing print layers is easily identified and

quantified as a result of the inclusion of AuNPs (Figure 4.8b). For regions with no voids or

57



Figure 4.6 a) Schematic representation and dimensions of 3D printed solid thin film samples.
b) Schematic representation and dimensions of void space samples, in which the numbers
represent locations where absorbance measurements are recorded. A total of nine scans,
recorded from three individual test samples, were statistically analyzed to obtain the average
absorbance and error bars herein presented. c) Representative 3D-printed PLA/AuNP void
spacing sample. d) Representative 3D-printed pure PLA void spacing sample.
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Figure 4.7 a) Absorbance spectra of solid polyvinyl alcohol (PVA) films with increasing
number of print layers. b) Absorbance of PVA measured at SPR peak for AuNPs in solution
(521 nm), where no trend or statistical difference is observed for films of increasing thickness.

missing print layers, absorbance remains nearly constant, but with the introduction of defects
into the material, absorbance begins to linearly decrease in accordance with the total number
of missing print layers and corresponding decrease in overall PLA/AuNP thickness (Figure
4.8c and Table 4.2).
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Figure 4.8 a) Absorbance spectrum of PLA/AuNP test specimen recorded at locations with no
void, and 0.2 mm, 0.3 mm and 0.4 mm voids, respectively. b) Absorbance of PLA/AuNP test
specimens measured at 521 nm at regions with no voids, and 0.2 mm, 0.3 mm and 0.4 mm
voids, from left to right. ¢) Comparison between trends for absorbance vs. number of print
layers and absorbance vs. number of missing print layers for PLA/AuNP samples. d)
Absorbance spectrum of pure PLA test specimen recorded at locations with no void, and 0.2
mm, 0.3 mm and 0.4 mm voids, respectively. ) Absorbance of pure PLA test specimens
measured at 521 nm at regions with no voids, and 0.2 mm, 0.3 mm and 0.4 mm voids, from
left to right. f) Comparison between trends for absorbance vs. number of print layers and
absorbance vs. number of missing print layers for pure PLA samples.

As absorbance was found to be directly related to the total number of print layers and
overall material thickness for AuNP-functionalized specimens, I expect to observe similar
absorbance for both solid and void space samples with the same total number of PLA/AuNP
print layers. Using values obtained from their respective fitted linear trends (Figure 4.8c and
Table 4.2), absorbance measured at the SPR peak for samples with the same total number of
PLA/AuNP print layers is shown in Table 4.3. Comparing the recorded absorbance, the optical

response of PLA/AuNP void spacing samples was found to overwhelmingly agree with solid
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Table 4.2 Equations used to fit data and corresponding R-square values for pure PLA and
PLA/AuNP void space samples shown in Figure 4.8, where y = absorbance and x = number of
print layers.

Concentration AuNP in PLA . . R-squared
by Weight Equation Used to Fit Data Value
0% (Pure PLA) y =0.001236*x + 0.04019 0.5159
0.1% y =-0.06416*x + 0.7244 0.9988

Table 4.3 Comparison between absorbance response for solid PLA/AuNP films and
PLA/AuNP void spacing samples shown in Figure 4.8 (0.1% AuNP in PLA by weight).

Solid Films Void Spacing
. Number of Missing Print %
Number of Print  |Absorbance Layers out of 10 Total Print [Absorbance) Difference
Layers (a.u.) (a.u.)
Layers
10 0.75 0 (No Void) 0.73 3.8
8 0.60 2 (0.2 mm Void) 0.59 0.85
7 0.53 3 (0.3 mm Void) 0.53 1.2
6 0.45 4 (0.4 mm Void) 0.47 3.8

PLA/AuNP films. Due to the incorporation of AuNPs within the PLA host matrix, and trends
predicted by Beer-Lambert’s Law, as few as two missing print layers (0.2 mm void) were
localized and quantified within a 0.85% difference relative to solid PLA/AuNP films of the
same total number of print layers.

Unlike PLA/AuNP samples though, the presence of defects and missing print layers in
unmodified pure PLA control samples were unable to be identified or quantified using
absorbance measurements, as pure PLA was observed to have minimal absorbance across the
visible spectrum (Figure 4.8d). Absorbance intensity measured at the SPR peak for all seven
locations tested displayed no distinct trend in accordance with the total number of pure PLA

print layers printed (Figure 4.8e). In fact, there was no statistical difference between the
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recorded absorbance for regions with no missing print layers and those containing voids,
regardless of their size or location. The inability to detect missing print layers and material
defects is further confirmed when absorbance trends for unmodified pure PLA solid and void
control samples with the same total number of overall print layers are compared, as no overlap
between the two curves is obtained (Figure 4.8f).

Additional void spacing configurations were evaluated for PLA/AuNP and unmodified
pure PLA control samples. Here, 0.2 mm, 0.3 mm and 0.2 mm defects (two, three and two
missing print layers) were printed using a PVA support. Again, the presence, location and
relative size of material defects are identified through absorbance measurements for
PLA/AuNP samples due to the optical properties of embedded AuNPs, while unmodified pure
PLA films do not display any statistical difference in absorbance for regions with and without
material defects (Figures 4.9a and 4.9b, respectively). A comparison between the optical

response for PLA/AuNP and pure PLA films measured at the SPR peak plotted on the same
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Figure 4.9 a) Absorbance of PLA/AuNP test specimens with three void locations of 0.2 mm,
0.3 mm and 0.2 mm from left to right. Using absorbance measurements, demonstrated ability
to localize and identify the presence and relative size of the void defect for PLA/AuNP printed
films. b) Absorbance of pure PLA test specimens with three void locations of 0.2 mm, 0.3 mm
and 0.4 mm from left to right. Using absorbance measurements, unable to localize and identify
the presence and relative size of the void defect in the unmodified pure PLA host matrix.
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Figure 4.10 a) Comparison of absorbance measured at SPR peak location for PLA/AuNP and
pure PLA at regions with no material defects, and two, three and four missing print layers,
from left to right. b) Comparison of absorbance measured at SPR peak for PLA/AuNP and
pure PLA at regions with no material defect, and two, three and two missing print layers, from
left to right.

scale for both void configurations further confirms the effectiveness of embedded AuNPs for
nondestructive defect detection as compared to an unmodified pure PLA host matrix (Figure
4.10).

The temporal response of 3D-printed PLA/AuNP films was also studied to evaluate the
optical stability of the embedded AuNPs. After one year (365 days), as-printed PLA/AuNP
films did not display any signs of degradation, as no change in the overall behavior or shape
of the absorbance spectrum was observed (Figure 4.11a). Regardless of film thickness tested,
absorbance at the SPR peak remained constant for 3D-printed PLA/AuNP films throughout
the one-year period (Figure 4.11b). The stability of AuNPs embedded within the PLA matrix
is crucial for ensuring the longevity of the proposed passive sensing methodology for continued
monitoring of defects in as-printed parts, as a single baseline measurement can be used as a

reference throughout the useable lifetime of 3D-printed materials.
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Figure 4.11 a) Representative absorbance spectrum for a 0.6 mm PLA/AuNP 3D printed film
(0.1% AuNP in PLA by weight) over a period of one year (365 days). b) Absorbance measured
at SPR peak (521 nm) for 3D-printed PLA/AuNP films at varying thicknesses over a period of
one year (365 days), where absorbance remains constant for all film thicknesses tested. Data
point colors correspond to date upon which absorbance measurements were recorded. Black
lines represent absorbance measured at the SPR peak for the first recorded absorbance
measurement.

4.4 Conclusions

Again relying on materials design and process considerations, this Chapter focused on
the incorporation of gold nanoparticles for 3D printing processes to demonstrate the capability
of designing a sensing methodology through the use of material additives. Utilizing the
absorbance of embedded gold nanoparticles, the presence of defects and missing print layers
in 3D-printed parts are localized and quantified through a nondestructive approach. Using this
methodology, as few as two missing print layers (0.2 mm defect) are identified within a 0.85%
difference when compared to solid PLA/AuNP films with the same total number of print layers.
For an unmodified pure PLA host matrix, though, the presence and location of material defects
are unable to be distinguished according to absorbance measurements alone, as pure PLA has
minimal absorbance across the visible spectrum regardless of the total number of print layers
and overall material thickness tested. The optical sensing enabled through materials processing
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considerations and the inclusion of AuNPs in the PLA host matrix was highly stable, as the
temporal response and optical behavior of 3D-printed PLA/AuNP films showed no signs of
change or degradation one year after printing. Moving towards future applications, additional
work will focus on expanding the range of material thickness compatible with this
nondestructive inspection through a number of material and process design considerations. By
selecting a polymer host matrix with minimal absorbance across the visible spectrum, and
minimizing the overall concentration of selected material additive, it should be feasible to
inspect 3D-printed parts and structures for material defects and damage with larger material

thicknesses than the ones discussed in this Chapter.
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Chapter 5

3D-Printed Electroluminescent Devices

5.1 Introduction

Combining the insights obtained in Chapters 3 and 4, the design and development of a
stimuli responsive 3D-printed alternating current electroluminescent (ACEL) device is
presented in this Chapter based on the optical response of ZnS:Cu phosphors. In their most
basic configuration, ACEL devices are comprised of a phosphor/dielectric composite binder
and a set of conductive electrodes through which external electrical stimuli can be applied to
the device. The subsequent voltage drop across the phosphor/dielectric layer under electrical
excitation results in an intense, bright luminescence based on the specific type of embedded
phosphor and the applied voltage. Such devices have been used for a range of applications
related to lighting and displays, and are continuing to gain attention for additional uses, such
as sensing, " due to the flexibility of their design and implementation.

Traditionally ACEL devices are fabricated in multi-step processes involving various
spin coating, masking, drop casting and curing iterations to manufacture the final device.

70-73,133,134

Polymer host matrices such as polydimethylsiloxane (PDMS), and other

4 61,132,135

thermoplastics,”* resins and epoxies*®"*® have all been reported as encapsulating
agents for the development of both the phosphor/dielectric composite and conducting
electrodes. Although such conventional manufacturing approaches have resulted in the
demonstration of a number of functional and durable ACEL devices, these fabrication

techniques are time-consuming, posing a challenge to the more widespread use and

implementation of ACEL devices.
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In order to address such constraints, the first known demonstration of a 3D-printed
ACEL device using a commercially available fused deposition modeling (FDM) type 3D
printing system is reported in the paper submission upon which this Chapter is based."”” As
opposed to conventional manufacturing techniques that often require one or more hours of
fabrication time,””” functional and customizable ACEL devices can be printed in a matter of
minutes using the approach discussed in this Chapter. Building upon recent reports in which
phosphors have been utilized for direct ink writing (DIW) processes, * these 3D-printed
devices consists of a polylactic acid (PLA)-based phosphor/dielectric composite binder
sandwiched between an indium tin oxide (ITO) glass substrate and a 3D-printed carbon-based
conductive PLA electrode to achieve device illumination and luminescence. 3D-printed
PLA/phosphor ACEL devices were tested under various electrical configurations, and their
resulting optical responses were recorded. By embedding copper-doped ZnS phosphors
(ZnS:Cu, with an approximate particle size of 24 + 6 wm, Figure A3.1) within the PLA host
matrix, a visual color change from green to blue was observed with increasing excitation
frequencies, where the overall luminescent intensity was found to be dependent on the applied

voltage.

5.2 Experimental Methods

Details relating to experimental methods and materials, including functionalized
PLA/phosphor filament fabrication, are provided in Chapter 2. Phosphors were embedded in
PLA at concentrations, up to 40% by weight, to evaluate the optical response of PLA/phosphor
samples, as well as the effectiveness of the proposed approach for the design and development

for 3D-printed ACEL devices.
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5.3 Results and Discussion

For initial testing, thin film templates, 0.5 mm in thickness, with varying concentrations
of embedded phosphors ranging from 5 — 40% by weight, were fabricated to evaluate the
optical response of the PLA/phosphor composite after materials processing and printing. 3D-
printed PLA/phosphor thin film templates displayed a bright blue-green luminescent coloration
under UV excitation (Figure 5.1a). Consistent with other polymer/ZnS:Cu-based phosphor
systems,”” the 3D-printed films exhibited a single monotonic photoluminescence (PL)
emissive peak centered near 515 nm (Figure 5.1b). Though the overall spectral shape remained
constant between the various concentrations tested (Figure 5.1d), the PL response reached a
maximum intensity at a 20% by weight loading of phosphors embedded in PLA (Figure 5.1c).
This behavior is attributed to the reduced efficiency of phosphors in close proximity and a
partial wetting of their surface. Though there are more phosphors and subsequent potential
light emitting sites, the increased density of the surrounding particles at higher concentrations
effectively reduces the proportion of available light emitting sites, leading to a reduction in
emissive efficiency and PL.°® Further inspection of the 3D-printed films using differential
interference contrast (DIC) microscopy confirms this behavior, where phosphors were
observed to exist in close contact with one another, occasionally forming partially aggregated
structures in samples containing higher concentrations of embedded phosphors (Figure 5.2).
At a20% by weight loading, though, phosphors were well dispersed throughout the 3D-printed
films, providing a number of light-emitting sites that were observed under WL microscopy
(Figure 5.3). Based on these findings and observations, all PLA/phosphor samples and ACEL
devices were fabricated at a 20% by weight loading of phosphors to maximize the overall

luminescent and optical response of the 3D-printed devices and structures.
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Figure 5.1 a) 3D-printed PLA/phosphor thin film samples at varying concentrations of
phosphors in PLA (% by weight) under ambient and UV excitation (top and bottom,
respectively). b) Photoluminescence (PL) response of 3D-printed PLA/phosphor thin film
samples recorded at varying concentrations of phosphors in PLA (% by weight). ¢) Maximum
PL intensity for 3D-printed PLA/phosphor thin film samples at varying concentrations of
phosphors in PLA (% by weight) where three individual scans for each weight percent are
shown in the plot. d) Normalized PL spectral response for 3D-printed PLA/phosphor thin film
samples at various concentrations of phosphors in PLA by weight.

At 20% by weight, the 3D-printed samples studied in this report were fabricated using
a significantly lower concentration of embedded phosphors compared to other ZnS-based
devices previously reported in the literature, in which phosphor loadings in excess of 50% by
weight are commonly used to obtain the desired optical response and behavior for both electro-

70°73:190 The ability to reduce the overall concentration

and mechano-luminescent applications.
and required weight of embedded phosphors provides a distinct advantage not only in cost but

also in reducing the impact that functionalization has on the underlying material response and

behavior of the polymer host matrix. Prior studies, including the results detailed in Chapter 3,
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Figure 5.2 DIC microscopy of 3d-printed PLA/phosphor thin film samples at various
concentrations of phosphors in PLA by weight. With increasing concentration, phosphors are
observed to exist in close proximity, often in contact with one another at higher concentrations
of embedded phosphors. The diagonal lines are a result of the sample fabrication process and
nozzle movement/filament deposition during the 3D printing process.

have shown that functionalization can impact a number of material properties ranging from
mechanical strength and durability, to thermal stability.*'*'"'** By effectively reducing the
overall concentration of embedded phosphors needed for device fabrication, I aim to minimize
any adverse impacts that functionalization may have on the material properties and response
of the PLA host matrix as was demonstrated in Chapter 3, while still maintaining the optical
response necessary to develop functioning ACEL devices.

A schematic representation of the 3D-printed ACEL devices tested in this paper is
shown in Figure 5.4a. A single layer of PLA/phosphor material (100 um in thickness) was
directly deposited onto a pre-cleaned conductive ITO glass substrate and sandwiched between
two layers of 3D-printed conductive carbon-based PLA serving as a second electrode (200 um

in thickness). In total, ACEL devices and samples were manufactured in less than 5 minutes,
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WL

Figure 5.3 Differential interference contrast (DIC) and white light (WL) microscopy images
for 3D-printed PLA/phosphor thin film (20% phosphor in PLA by weight) at increasing levels
of magnification. Red circles indicate representative ZnS:Cu phosphor particles embedded in
PLA under DIC and WL excitation, respectively. The diagonal lines visible in the images are
a result of material deposition and nozzle movement occurring during the 3D printing process
and material deposition/sample fabrication.

including the time required for nozzle heating and the entire 3D printing process. The optical
response of 3D-printed ACEL devices was then evaluated for various conditions of frequency-
and voltage-dependent excitations using a CCD-based spectrometer system. For each case, a
sinusoidal voltage was applied across the single PLA/phosphor layer using a function generator
and associated amplification source where samples were tested for voltages ranging from 150

V to 245 V and corresponding frequencies spanning from 10 Hz to 10 kHz.
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Figure 5.4 a) Schematic representation of 3D-printed ACEL device (from bottom to top: ITO
glass slide/3D-printed PLA/phosphor layer/3D-printed conductive PLA electrode, where
emission is visible through the bottom of the ITO glass slide). b) Still images of 3D-printed
ACEL devices at various excitation frequencies under constant applied voltage (245 V). ¢)
Normalized electroluminescence (EL) intensity spectra of representative ACEL device at
increasing frequencies under 245 V excitation source (arrows are included as a guide for the
eye for increasing frequencies studied). d) Dependence of excitation frequency on maximum
EL response at various voltages; e) CIE coordinate (x,y) values for PL response at increasing
frequencies under 245 V excitation source (arrow is included as a guide for the eye for
increasing frequencies studied). f) Representative EL intensity spectra for ACEL device at
increasing voltages with a constant 10 kHz excitation source. g) Dependence of excitation
voltage on maximum EL response at various frequencies (dashed lines represent linear fits for
each frequency studied; additional curve fitting information can be found in the supporting
information Table C1). h) CIE coordinate (x,y) values at various voltages for constant 10 kHz
excitation source (location of data points for all voltages tested fall within the black circle
shown in the figure).
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Still images of a representative 3D-printed ACEL device exposed to a constant voltage
source and various excitation frequencies are shown in Figure 5.4b. Under these conditions,
the 3D-printed samples displayed a bright luminescence that gradually changed color from
green to blue with increasing excitation frequencies. The resulting electroluminescent (EL)
spectral response was recorded in order to further quantify the impact of voltage and frequency
on the optical response and resultant color change for 3D-printed ACEL devices. As the
excitation frequency was increased from 300 Hz to 10 kHz under a constant voltage, the
maximum EL peak location shifted from 517 nm to 495 nm and a secondary peak emerged
near 450 nm for frequencies above 2000 Hz (Figure 5.4c). Furthermore, the maximum EL
intensity and corresponding brightness of the 3D-printed ACEL devices dramatically increased
with increasing frequency (Figures 5.4d). Commission Internationale de L’Eclairage (CIE)
coordinates were used to visualize the dependence of color and electroluminescence on the
applied voltage and excitation frequency by providing a relationship between the recorded
spectral response and the corresponding color perceived by the human eye (Figure 5.4d). For
the representative device shown, the calculated CIE coordinates shifted from (0.19, 0.54) to
(0.16, 0.31) when frequency was increased from 300 Hz to 10 kHz, corresponding to the green
to blue color change that was visually observed (Figure 5.4b and Table 5.1). The spectral
response and corresponding shifts in both the observed color and in CIE coordinates were
consistent among all samples tested, regardless of the applied voltage as shown in Figures 5.5
and 5.6, where additional information can be found in Supporting Information (Figures C1 —

C5, and Table C1).
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Figure 5.5 Normalized frequency-dependent maximum EL response at various applied
voltages for five individual test samples studied.

150V 175V 200V

Figure 5.6 CIE spectra for frequency-dependent response at various excitation voltages. CIE
response plotted for each figure represents averages of all five samples tested. CIE coordinate

(x,y) pairs and corresponding standard deviations for the average values displayed are included
in Table C2.
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Table 5.1 Frequency-dependent response of CIE coordinates (x,y) at various applied voltages.
CIE coordinates (x,y) correspond to data shown in Figure C3.

150V 175V 200V 225V 245V
Frequency (Hz) X y X y X y X y X y
50 0.27 | 0.44 | 0.23 | 0.50 | 0.24 | 0.52 | 0.22 | 0.54 | 0.21 | 0.55
100 0.24 | 0.51 | 0.22 | 0.53 [ 0.21 | 0.53 | 0.21 | 0.53 | 0.21 | 0.55
300 0.20 | 0.53 | 0.20 ( 0.53 ( 0.19 | 0.54 | 0.19 | 0.54 | 0.19 | 0.54
500 0.19 | 0.52 | 0.19 | 0.53 | 0.19 | 0.53 | 0.19 | 0.53 | 0.19 | 0.53
1000 0.18 | 0.50 | 0.18 | 0.50 | 0.18 | 0.51 | 0.18 | 0.51 | 0.18 | 0.51
2000 0.18 | 0.46 | 0.17 | 0.47 | 0.17 | 0.46 | 0.17 | 0.47 | 0.17 | 0.47
3000 0.17 | 0.43 | 0.17 | 043 [ 0.17 | 043 | 0.17 | 0.43 | 0.17 | 0.43
4000 0.17 | 0.40 | 0.17 | 0.40 | 0.17 | 040 | 0.16 | 0.40 | 0.16 | 0.41
5000 0.16 | 0.38 | 0.16 | 0.38 | 0.16 | 0.38 | 0.16 | 0.38 | 0.16 | 0.38
6000 0.16 | 0.36 | 0.16 | 0.36 | 0.16 | 0.36 | 0.16 | 0.36 | 0.16 | 0.36
7000 0.16 | 0.35 | 0.16 | 0.35 [ 0.16 | 0.35 | 0.16 | 0.35 | 0.16 | 0.35
8000 0.16 | 0.33 | 0.16 | 0.33 | 0.16 | 0.33 | 0.16 | 0.33 | 0.16 | 0.34
9000 0.16 | 0.32 | 0.16 | 0.32 [ 0.16 | 0.32 | 0.16 | 0.32 | 0.16 | 0.32
10000 0.16 | 0.31 | 0.16 | 0.31 [ 0.16 | 0.31 | 0.16 | 0.31 | 0.16 | 0.31

Though the presence of both green and blue emissive bands for ZnS:Cu-based
phosphor systems and devices has been well documented,” the underlying mechanisms
responsible for such spectral response and resultant change in color from green to blue with
increasing excitation frequencies remain a topic of debate. In both cases, researchers
hypothesize that the presence of structural impurities and metal dopant substitutions are the
primary driving forces behind the optical response. For the green band occurring near 515 nm,
a number of research groups attribute this emissive behavior to electron transfer between the
impurity-induced shallow donor state arising from sulfur vacancies and the t, state of the
substituted Cu ions.”"'**'*" An explanation for the subsequent blue emission and shoulder

peak occurring near 450 nm, though, has yet to be agreed upon. Conflicting claims attribute
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blue emission to electron transfer between the native ZnS conduction band and t, state of the

144 145

substituted Cu ions, " Zn defect vacancies and resultant trap states not related to Cu dopants,
or transitions between sulfur vacancies and the native ZnS valence band.'**'* With the
application of an external voltage source, the recombination of electron-hole pairs between the
discrete energy states ultimately leads to the observed blue/green luminescence in our 3D-
printed ACEL devices.””* The contribution of this study is not to identify the underlying
mechanisms driving the emergence of additional emissive peaks with increasing frequency,
but rather to demonstrate the capability of developing color tunable ACEL devices using 3D
printing and additive manufacturing processes.

The optical response of 3D-printed ACEL devices was also evaluated for voltage-
dependent excitation configurations. For a fixed frequency, the recorded EL spectra of a
representative 3D-printed ACEL device exposed to various voltage inputs are shown in Figure
5.4f. Unlike the results for the frequency-dependent excitation case, the overall shape of the
EL spectral response remained unchanged regardless of the applied voltage (Figures 5.4f). For
this case, the recorded maximum EL intensity and resulting brightness increased as the applied
voltage was increased. In fact, for all frequencies tested, the maximum EL intensity was
linearly dependent with the applied voltage (Figure 5.4g). This response is in agreement with
previously reported ACEL devices and can be attributed to an increase in excitation probability
where a higher number of electrons are expected to activate more luminescent centers at higher
voltages; leading to an increase in EL intensity."’”">! As the overall EL spectral response and
shape remained unchanged with increasing voltages, the recorded CIE coordinates for a fixed
excitation frequency also remained relatively constant for all voltages tested (Figure 5.4h,

Table 5.2). The optical response for voltage-dependent excitation was again highly

75



reproducible between individual samples, as seen in Figures 5.7 and 5.8 where additional

spectral data can be found in Appendix C (Figures C6 — C10 and Table C3).
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Figure 5.7 Normalized voltage-dependent maximum

EL response at various applied
frequencies for five individual test samples studied.
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Figure 5.8 CIE spectra for voltage-dependent response at various excitation frequencies. CIE
response plotted for each figure represents averages of all five samples tested. CIE coordinate

(x,y) pairs and corresponding standard deviations for the average values displayed are included
in Table C2.

76



Table 5.2 Voltage-dependent response of CIE coordinates (X,y) at various applied frequencies.
CIE coordinates (x,y) correspond to data shown in Figure CS.

1000 Hz 3000 Hz 5000 Hz 7000Hz 10000 Hz

Voltage (V) X y X y X y X Yy X y
150 0.183 | 0.504 | 0.170 | 0.431 | 0.166 | 0.381 | 0.161 | 0.348 | 0.160 | 0.312
175 0.181 | 0.505 | 0.169 | 0.430 | 0.163 | 0.381 | 0.160 | 0.346 | 0.157 | 0.311
20 0.180 | 0.505 | 0.168 | 0.431 | 0.162 | 0.381 | 0.159 | 0.346 | 0.156 | 0.311
225 0.179 | 0.507 | 0.166 | 0.431 | 0.162 | 0.380 | 0.159 | 0.345 | 0.156 | 0.310
245 0.179 | 0.507 | 0.167 | 0.432 | 0.162 | 0.382 | 0.159 | 0.348 | 0.156 | 0.313

When compared to traditional ACEL device fabrication procedures, one of the major
benefits of additive manufacturing and 3D printing is the flexibility in the design and
manufacturing process in addition to the reduced production times and minimized material
waste. As a potential and relevant application for the work described in this Chapter, I have
successfully demonstrated the ability to 3D print customized, color tunable, light emitting
devices (Figure 5.9). Similar to the frequency- and voltage-dependent samples tested, the
ACEL devices shown in Figure 5.9 were 3D printed and manufactured in less than five minutes
by depositing a single layer of PLA/phosphor filament onto an ITO slide sandwiched by the
conductive PLA top electrode. I am able to control the luminescent shape and behavior of the
ACEL device by modulating the design of the top conductive PLA electrode. Using computer
aided design (CAD) software, any design, shape, geometry or logo can be incorporated within
ACEL devices in a matter of minutes using this approach. When a voltage is applied to the
printed device, the ACEL device only exhibits luminescent behavior where the top electrode
is in contact with the PLA/phosphor layer. Regardless of shape or geometrical configuration,
all customized 3D-printed samples displayed a color change from green to blue as the

excitation frequency was increased.
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Figure 5.9 Demonstration of custom 3D-printed ACEL devices with various geometric patterns
under ambient conditions with no excitation, and with a 245 V source under varying excitation
frequencies showing visual changes in color.

5.4 Conclusions

Through materials design considerations, the ability to manufacture functional, active,
and responsive ACEL devices using additive manufacturing and 3D-printing approaches was
demonstrated in this Chapter. The luminescent performance and response of 3D-printed
PLA/phosphor samples was evaluated at various concentrations, where it was found that a
20%-by-weight loading was the optimal concentration of embedded phosphors in the PLA host
matrix. For concentrations above 20%, the luminescent response was found to decrease due

to inter-particle interactions within the 3D-printed structure. Functional ACEL devices were
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fabricated using FDM, where a single layer of PLA/phosphor was directly deposited onto an
ITO glass slide and sandwiched between a secondary 3D-printed conductive electrode. When
exposed to an external voltage source, 3D-printed ACEL devices were observed to have both
voltage-and frequency-dependent responses, where the luminescent color and intensity could
be easily modulated. The resultant color of the ACEL device depended exclusively on the
applied frequency, where samples shifted from green to blue as the excitation frequency was
increased. When the excitation frequency was held constant, though, the brightness and
maximum luminescent intensity were linearly related to the applied voltage for the 3D-printed
ACEL devices tested in this study. 3D printing offers an alternative approach to rapidly
manufacture ACEL devices and stimuli responsive structures, and represents a new way of
thinking for the continued development of light emitting components and applications across

a variety of uses, fields, and industries.
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6.1 Conclusions

Chapter 6

Conclusions and Future Work

In this dissertation, I successfully demonstrate the ability to incorporate a variety of

nano- and micron-scale additives within additive manufacturing and 3D printing applications.

By focusing on materials processing and design parameters, an overview and approach for how

functionalized composite material systems can be designed and developed is thoroughly

discussed. Quantum dots, nanoparticles, and phosphors were selected as representative

material additives in order to demonstrate the flexibility and scalability of this approach for the

continued advancement and development of new material systems compatible with additive

manufacturing. In each case, a solution-based mixing process is used to directly combine the

nano- and micron-size additives within a PLA polymer host matrix to manufacture and

fabricate functionalized 3D printing filament using the following processing steps:

1.

2.

Dissolution of PLA polymer host matrix in dichloromethane

Addition and mixing of the selected material additive with the dissolved PLA
Drying to remove solvent from PLA/composite mixture (ambient
conditions)

Shredding the resulting hard plastic for use with the filament extrusion
system

Additional drying to remove any remaining/excess solvent (100 °C)

Extrusion of functionalized PLA/composite plastic filament (170 — 180 °C)
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As one of the most commonly used plastics in 3D printing, PLA was exclusively used
as the host matrix for the development of functionalized materials due in part to its favorable
materials properties, including the following four considerations: (1) mutual miscibility with
various nanomaterials and additives in solution; (2) minimal optical contributions across the
visible spectrum, including both absorbance and emission; (3) relative ease of materials
processing; and (4) compatibility with FDM printers. Owing in part to their unique optical
response, quantum dots, nanoparticles, and phosphors were each explored for their use in 3D
printing to demonstrate the ability to manufacture optically enhanced materials and structures.
A variety of material testing and characterization is performed to evaluate the impact that
functionalization has on the underlying properties of both the selected additive and PLA
polymer host matrix. Process and printing parameters including filament extrusion
temperature, printing temperature, build plate temperature, print layer orientation, and print
layer height were each held constant between the three material systems to limit the number of
possible variables that could impact the recorded material response. Through materials
processing considerations, this thesis encompasses and describes the design/development,
characterization, inspection, and implementation of functionalized composite materials,
devices, and structures for use in 3D printing and additive manufacturing applications.

In Chapter 3, the impact of filament functionalization on the observed material response
is evaluated and characterized. Cadmium sulfur selenide graded alloy quantum dots (CdSSe
QDs) are incorporated within the PLA polymer host matrix at varying concentrations by weight
(ranging from 0.5% to 7%), and the corresponding optical, thermal, and mechanical response
of the 3D-printed composite material was studied. Quantum dot concentration and

polymer/surface ligand interactions were both found to significantly influence the response of
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the functionalized composite system. Although the recorded absorbance compared to CdSSe
QDs in solution remained relatively unchanged following materials processing and printing, a
significant red shift in the recorded PL spectra was observed with increasing concentrations of
quantum dots. In fact, for the highest concentration studied, the location of maximum PL was
red shifted 32 nm relative to CdSSe QD in solution, with the recorded photoluminescence
intensity reaching a maximum near a 3%-by-weight loading. This behavior was attributed to
aggregation between individual quantum dots in the 3D printed films at increasing
concentrations, and confirmed through TEM measurements. Furthermore, the presence of
CdSSe QDs within the PLA host matrix was found to influence both the thermal and
mechanical response of 3D-printed PLA/CdSSe QD systems. The glass transition temperature
was found to decrease by 8 °C relative to the unmodified pure PLA host matrix, while ultimate
tensile strength decreased by 64% for the highest concentration of CdSSe QDs in PLA tested.
These deviations in material properties result from a combination of weak interactions between
the natively bound oleic acid surface ligands present on CdSSe QDs and PLA host matrix, and
quantum dot aggregation in the final 3D-printed structures.  Following materials
characterization, light pipes and other passive fluorescent devices were 3D printed based on
the optical response of embedded CdSSe QDs, where the overall efficiency and performance
was found to be dependent on both the physical dimensions and concentration of embedded
quantum dots. An understanding of material behavior following modification and
functionalization is a crucial first step in the development of functionalized materials for 3D
printing and additive manufacturing applications.

With a better understanding of material response following functionalization, Chapter

4 explores the use of optically enhanced materials for passive sensing applications.
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Specifically, the optical properties of gold nanoparticles were harnessed via the development
of functionalized printer filament to detect defects and missing print layers in 3D printed parts.
Rather than quantum dots, gold nanoparticles were selected for the design of this passive
sensing and material inspection methodology based primarily on their long term temporal
stability, and to further demonstrate the feasibility of this design process for creating an array
of new materials compatible with additive manufacturing. Based on the findings presented in
Chapter 3, the overall concentration of embedded gold in PLA was limited to a maximum of
0.2% by weight in an attempt to minimize any negative impacts that functionalization might
have on the recorded material response for the samples studied. Thin film samples with
increasing thickness ranging from 0.1 mm to 1.0 mm (1 to 10 print layers) were fabricated to
evaluate the optical response of the 3D-printed composite. Consistent with Beer-Lambert’s
law for nanoparticles in solution, a linear relationship between absorbance intensity and the
total number of print layers (i.e. material thickness) for the thin film samples tested was
observed. Samples with various size defects ranging from 2 to 4 print layers were fabricated,
and by analyzing changes in absorbance intensity, the presence, location and extent of material
defects as small as 0.2 mm were identified through this nondestructive approach. Control tests
were performed on the unmodified pure PLA host matrix, where the presence of defects were
unable to be identified based on optical inspection and absorbance measurements. The overall
response of the gold nanoparticle functionalized samples was found to be highly stable, as their
recorded optical response remained unchanged for more than one year after printing; a crucial
consideration in the development of a passive sensing system. The findings outlined in this
Chapter provide key insights and considerations for the development of future functionalized

‘smart’ materials that can be realized through 3D printing.
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Beyond passive devices and sensors, Chapter 5 explored the use of phosphor-based
additives in the development of active and stimuli responsive 3D-printed material systems.
Utilizing the materials design considerations and processes established in Chapters 2, 3, and 4,
ZnS:Cu phosphors are incorporated within a PLA host matrix to manufacture alternating
current electroluminescent (ACEL) devices using commercially available FDM type 3D
printing systems. The optical PL response of the PLA/phosphor composite was evaluated to
determine the optimal concentration of embedded phosphors to achieve the brightest
luminescent intensity. ACEL devices were fabricated using a multi component approach,
where a single layer (100 wm) of PLA/phosphor-functionalized filament was deposited onto a
clean ITO-coated conductive glass slide, and sandwiched between an outer layer of 3D-printed
carbon-doped conductive PLA serving as a second electrode. As-printed ACEL devices were
exposed to a number of voltage- and frequency-dependent excitation cases, and the
corresponding optical response was evaluated. Similar to other ACEL devices fabricated using
conventional manufacturing approaches such as spin coating and drop casting, a distinct green
to blue shift in the recorded emission with increasing excitation frequencies was observed for
the 3D printed system. CIE coordinates and other spectral data were evaluated to quantify the
response and behavior of this active and stimuli responsive 3D-printed device. The optical
response and behavior for 3D-printed ACEL devices were highly stable and reproducible
between individual test samples studied. Furthermore, ACEL devices with various geometric
shapes were printed to demonstrate the effectiveness and feasibility of additive manufacturing
and 3D printing technologies for developing functional and stimuli-responsive parts and

components, such as the ACEL devices demonstrated in this Chapter.
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6.2 Future Work

With the wide range of relevant topics and related areas of research, additive
manufacturing represents a promising direction for the future of materials development and
design. By harnessing the unique optical, mechanical, chemical, and thermal behavior of
nanoparticles, nanomaterials, and other additives, 3D-printed systems can be tailored to
intrinsically respond to a variety of external stimuli and forces for use in a number of diverse
fields and applications. Though the work encompassed in this dissertation represents a
significant advancement in the field of additive manufacturing material systems as a whole,
there are a number of additional research topics that can still be addressed. Namely, the
following questions and research topics will be considered as future work in the design and
development of new material systems, towards the realization of a complete material lifecycle
assessment strategy for 3D-printed parts and components.

* Minimize impact on mechanical and thermal properties of polymer host matrix

while still maintaining optical response of selected material additive following

material functionalization. Work should focus on evaluating additional

material systems in addition to various ligand exchange procedures and surface
chemistry/polymer structure interactions to promote favorable interactions
between the host matrix and selected material additive.

e (Can new, stimuli responsive, materials be developed to visually communicate

the presence of external loads acting on a material? The development of a

material capable of visually responding to various mechanical, thermal,
electrical and chemical loadings would represent a significant advancement for

material state/structural health monitoring applications. This work will build
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off of previous research I have conducted, in which the use poly-acrylic acid
coated gold nanoparticles were capable of responding to changes in pH through
a color change visible to the naked eye without the need for additional sensing

> Additionally, I have demonstrated that white light

systems and devices."
emitting quantum dots are capable of communicating the presence of
mechanical loads when incorporated into a surface coating, so additional testing
related to the optical response of 3D printed composites under mechanical

loadings should be considered as an alternate sensing methodology.*’

Can nanoparticles and other material additives be used to inspect 3D printed

parts both during and after the manufacturing process? Though gold

nanoparticles are effective for detecting defects as small as the thickness of two
pieces of paper, advancements in material inspection for the additive
manufacturing process will be necessary for its large scale adoption. This
section of future work will focus on incorporating nanoparticles to monitor for
defects and discontinuities during the manufacturing process, as opposed to in
the final part. Here I propose evaluating the optical response of the embedded
nanomaterials in real time to monitor for the presence of any non-uniformities,
and subsequently correct these observed material defects through a closed-loop

feedback system.
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Appendix A

Incorporation of Fluorescent Quantum Dots for 3D Printing and Additive

Manufacturing Applications

Fluorescence lifetime measurements

For time-resolved photoluminescence (TRPL) measurements, the QD films were excited at
low power (~ 30mW/cm?) using a 405 nm pulsed source (100 ps pulse duration) with a
repetition rate of 1 MHz. Photoluminescence from the films was filtered with an appropriate
long-pass filter and directed onto a single-photon avalanche photo-diode (SPAD, Micro
Photon Devices, PD-050-0TC). A time-correlated single photon-counting unit (TCSPC,
PicoHarp 300) was used to generate a histogram of photon arrival times. Lifetimes were
determined by fitting the histogram of arrival times to a tri-exponential function:

Ipp(t) = 2; = Ajexp(—t/T;) (1)
The average lifetime, 74,4, Was calculated using the fit components as follows:

.
Tavg = Dt E?iAli (2)
14

Decay curves were fit with the following equation, where A; and t; are the decay amplitudes
and lifetimes, respectively.

I(t) = 2?=3Aie‘(f‘ti) 3)

For samples in solution TRPL measurements were performed on diluted solutions with optical
densities below 0.1 at the lowest-energy absorption transition.

Table Al. Lifetime analysis of 3D-printed PLA/CdSSe QD films and CdSSe QDs in solution.

Parameter | CdSSe solution | 0.1% 0.5% 1.0% 3.0% 5.0% 7.0%
A; (counts) 210.7 377.8 | 642.6 | 517.1 326.7 | 248.8 | 252.0
71 (ns) 46.811 33.541 | 31.656 | 30.920 | 30.392 | 32.506 | 34.977
A, (counts) 4183.3 1308.9 | 1801.1 | 1861.9 | 1980.2 | 2002.8 | 2152.4
T, (ns) 19.112 7.905 | 10.499 | 10.490 | 9.265 | 9.579 | 11.117
Aj (counts) 560.9 2675.2 | 2426.6 | 2625.4 | 2696.4 | 2790.5 | 2607.1
73 (ns) 4.395 1.247 1.869 | 2.009 | 2.251 2.459 | 3.006
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Figure Al. Size distribution and TEM image of CdSSe QDs in solution. Average diameter of
CdSSe QDs in solution is 5.74 + 0.95 nm.

a) - _

Figure A2. a) Chemical structure of polylactic acid polymer host matrix and b) schematic
representation of cadmium sulfur selenide graded alloy quantum dots and corresponding oleic
acid surface ligands.
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Appendix B

Nondestructive Evaluation and Detection of Defects in 3D-Printed Materials Using the

Optical Properties of Gold Nanoparticles

Tensile Testing Results

Tensile testing was performed on pure PLA control and PLA/AuNP (0.1% AuNP in
PLA by weight) samples to evaluate the impact AuNPs have on the overall stability of 3D-
printed parts. Overall, we found that the presence of gold nanoparticles embedded in the PLA
host matrix did influence the maximum tensile strength at failure, where PLA/AuNP samples
had a 13 + 2% lower maximum stress at failure compared to pure PLA control samples. We
attribute the decrease in overall material strength to discontinuities in the polymer chain
network caused by the presence of embedded gold nanoparticles.
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Appendix C

3D-Printed Alternating Current Electroluminescent Devices

5 10 15 20 25 30 35 40 45
Diameter (um)

Figure C1. WL microscopy of ZnS:Cu phosphors in PLA, and corresponding size distribution.

Average diameter is 24 = 6 um.

CIE Coordinates (x,y)

The following Matlab scripts were used to calculate CIE coordinates (x,y) for all 3D-
printed ACEL devices tested. First, the as-recorded spectral data (‘plresponse’ variable) was
converted to a matrix (‘maxdata’ variable) where the maximum luminescent intensity for every
round integer wavelength value was calculated. This conversion was necessary to calculate
CIE coordinates, as the CIE transfer/color-matching functions and variables are reported at 1
nm increments from 400 nm — 800 nm (i.e. 400 nm, 401 nm, 402 nm ... 800 nm).

4
X

400:800;

floor(plresponse(:,1));

maxdata = zeros(length(z),size(y,2));

for kk = 1:6
for ii = l:length(z)

for jj = l:length(x)
if x(jj) == z(ii)

if y(jj,kk) > maxdata(ii,kk)
maxdata(ii,kk) = y(jj,kk);

end

elseif x(jj)> z(ii)+1

continue;
end
end
end
end
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Representative matrix transformations from the as-recorded spectral data
(‘plresponse’) to the maximum PL for each wavelength at 1 nm increments (‘maxdata’) for the
code included above is shown in Table C1 below:

As-Recorded Spectral Data (‘plresponse’) Converte((‘llill):(clg;zl,)R esponse
Wavelength (nm) | Luminescence (a.u.) Wavelength (nm) Luminescence (a.u.)
515.2 11690
515.5 11597 515 11690
515.9 11649
521.1 11064
5214 10892 521 11064
521.7 10989

Next, the spectral data for each whole integer value was transformed into CIE
coordinate space through the use of various transfer/color-matching functions and
normalizations as follows:

)

% calculate CIE Coordinates

)

% importing weighting factor for the three color matching functions

ciexyz = xlsread('ciexyz.xlsx');

)

% initializing variables to calculate and store color matching functions

Xxbar =
ybar
zbar

I
—_——
— e
e ~e s

)

% initializing variable to store calculated CIE coordinates (x,y)

xcoords =
ycoords

I
—_—
—
e e

o

performing calculations for CIE coordinates (Xx,V)

o

counter is defined by the number of tests run for each sample

here, we are looking at a constant excitation frequency with increasing
excitation voltages (150v, 175V, 200V, 225V, and 245V) so a total of
ive

scans (i.e. 2:6) were run.

[

o Hh o

for pp = 2:6
xbar = [1;
ybar = [];
zbar = [];
$ multiplying the recorded spectral response ('maxdata') by the
% color-matching functions ('ciexyz') for the x, y, and z functions
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nm

end

to as the CIE 1931 color space diagram) was plotted in Matlab using the Colour toolbox in the
second edition of Computation Colour Science downloaded from MathWorks at the following
web address (https://www.mathworks.com/matlabcentral/fileexchange/40640-computational-

for i = 1:401
xbar = [xbar;
ybar = [ybar;
zbar = [zbar;

end

%

normaldata =

%

summing Xbar,

calculating sum of Xbar,

maxdata(i,pp)*ciexyz(i,1)]
maxdata(i,pp)*ciexyz(i,2)]
maxdata(i,pp)*ciexyz(i,3)]

I am calculating the tristimulus values,

~e Neo ~e

Ybar and Zbar at every wavelength from 400 nm to 800

sum( [ xbar ybar zbar],2);

Ybar, and Zbar matricies

xl, yl1, and zl

= sumx/sum( [sumx,sumy,sumz]);
= sumy/sum( [sumx,sumy,sumz]);

sumx = sum(xbar);
sumy = sum(ybar);
sumz = sum(zbar);
% here

x1

yl

zl =

oo

oe g © oo

[

XC
ycC

with these values,

sumz/sum( [ sumx,sumy, sumz]) ;

additional constants u and v are calculated in

order to obtain CIE coordinates
= (4*x1)/(x1+15*yl+3*zl);
= (6*yl)/(x1+15*yl+3*zl);

finally,

1931 CIE coordinates

(x,y) are calculated using the above

calculated u and v variables

ie =
ie =

(3*u)/ (2*u-8*v+4);
(2*v)/(2*u-8*v+4);

% making and storing matrix with the (x,y) CIE coordinates for all 5
% excitation conditions tested for this sample

XC
ycC

oords =
oords =

[xcoords;

The transfer/color-matching functions/values with a 1 nm step size were downloaded
from http://cvrl.ioo.ucl.ac.uk/cmfs.htm. The two dimensional chromacity plot (often referred

xcie];
[ycoords; ycie];

colour-science-using-matlab-2e).

Additional tables, plots and spectral responses for the 3D-printed ACEL devices are included

in the following figures:
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Table C1. Curve fitting data for voltage-dependent maximum EL response at various
frequencies (Figure C8). Data was fit with a linear model using the following equation: y(x)
=pl*x+p2.

Frequency (Hz) pl p2 R-Squared

100 12.57 -1341 0.9969

500 56.8 -6992 0.9965
1000 95.13 -11380 0.9965
3000 187.1 -22600 0.9972
5000 234.5 -28440 0.9954
7000 265.8 -32310 0.9961
10000 303 -37010 0.9969

The following figures represent the spectral response of the ACEL devices tested in this thesis.
A total of five samples (Sample 1 — 5) were tested for each voltage- and frequency-dependent
response case, where the resultant optical response is included in Figures C1 — C10. Overall,
all samples displayed consistent and reproducible electroluminescent trends and behaviors.
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Figure C2. Frequency-dependent as-recorded and normalized spectral response (left and
middle columns) of a 3D-printed ACEL device at various excitation voltages and
corresponding CIE coordinates (x,y) (right column) for Sample 2.
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Figure C3. Frequency-dependent as-recorded and normalized spectral response (left and
middle columns) of a 3D-printed ACEL device at various excitation voltages and
corresponding CIE coordinates (x,y) (right column) for Sample 3.
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Figure C4. Frequency-dependent as-recorded and normalized spectral response (left and
middle columns) of a 3D-printed ACEL device at various excitation voltages and

corresponding CIE coordinates (x,y) (right column) for Sample 4.
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Figure C5. Frequency-dependent as-recorded and normalized spectral response (left and
middle columns) of a 3D-printed ACEL device at various excitation voltages and
corresponding CIE coordinates (x,y) (right column) for Sample 5.
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Table C1 — Frequency-dependent response

150V 175V 200V 225V 245V
Frequency (Hz) X y X y X y X y X y
50 0.27 + 0.018]0.47 + 0.034]|0.24 + 0.013]|0.50 *+ 0.016(0.23 + 0.006]0.52 + 0.012]|0.22 + 0.006/0.54 + 0.017(0.22 + 0.010|0.54 + 0.014
100 0.24 + 0.013]0.49 *+ 0.025]|0.22 + 0.014|0.52 + 0.023|0.22 *+ 0.007]0.53 + 0.011]0.21 + 0.003|0.54 + 0.008(0.21 *+ 0.003|0.55 * 0.008
300 0.21 + 0.013]0.52 + 0.024]0.20 + 0.004|0.53 * 0.009(0.19 *+ 0.004[0.54 + 0.006|0.19 + 0.001|0.54 + 0.005(0.19 * 0.002|0.54 + 0.007
500 0.20 + 0.006]0.52 + 0.008|0.19 + 0.005|0.53 *+ 0.007(0.19 *+ 0.002|0.53 + 0.005|0.19 * 0.000/0.53 *+ 0.004(0.19 *+ 0.001|0.53 + 0.004
1000 0.19 + 0.011]0.50 + 0.013]0.18 + 0.004|0.51 + 0.006(0.18 + 0.003]|0.51 + 0.005|0.18 + 0.002|0.51 + 0.004(0.18 + 0.001|0.51 + 0.003
2000 0.18 + 0.003]|0.47 + 0.003]0.18 + 0.002|0.47 + 0.003(0.17 + 0.002|0.47 + 0.004|0.17 + 0.001|0.47 + 0.003(0.17 + 0.001|0.47 + 0.003
3000 0.17 + 0.003]|0.43 + 0.003]0.17 + 0.002|0.43 + 0.004(0.17 + 0.001]0.43 + 0.004|0.17 + 0.001|0.43 + 0.003(0.17 + 0.001|0.44 + 0.003
4000 0.17 + 0.005]0.41 + 0.003]0.17 + 0.002|0.41 + 0.003(0.17 + 0.001]0.41 + 0.003]|0.17 + 0.001|0.41 + 0.003(0.17 + 0.001|0.41 + 0.003
5000 0.17 + 0.003]0.38 + 0.003]|0.16 + 0.001|0.38 + 0.003(0.16 + 0.001|0.38 + 0.003]|0.16 + 0.001|0.38 + 0.003(0.16 + 0.001|0.39 + 0.003
6000 0.16 + 0.002|0.37 + 0.003]0.16 + 0.002|0.36 *+ 0.003(0.16 + 0.001|0.36 + 0.003]|0.16 + 0.001|0.36 *+ 0.003(0.16 + 0.001|0.37 + 0.003
7000 0.16 + 0.002/0.35 + 0.003/0.16 + 0.001|0.35 #* 0.003|0.16 + 0.001]|0.35 + 0.003]|0.16 + 0.001]|0.35 + 0.003|0.16 + 0.001]0.35 + 0.003
8000 0.16 + 0.002[0.34 + 0.003/0.16 + 0.001|0.34 + 0.003|0.16 + 0.001|0.34 + 0.003|0.16 + 0.001]|0.34 + 0.003|0.16 + 0.001]/0.34 + 0.003
9000 0.16 + 0.003[0.32 + 0.003/0.16 + 0.001|0.32 + 0.003|0.16 + 0.001|0.32 + 0.003]|0.16 + 0.001]|0.32 + 0.003|0.16 + 0.001]0.33 + 0.003
10000 0.16 + 0.002{0.32 + 0.003|0.16 + 0.001|0.31 #+ 0.003|0.16 + 0.001]|0.31 + 0.003]|0.16 + 0.001]|0.31 + 0.003|0.16 + 0.001{0.32 + 0.003
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Figure C6. Voltage-dependent as-recorded and normalized spectral response (left and middle
columns) of a 3D-printed ACEL device at various excitation frequencies and corresponding
CIE coordinates (x,y) (right column) for Sample 1.
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Figure C7. Voltage-dependent as-recorded and normalized spectral response (left and middle
columns) of a 3D-printed ACEL device at various excitation frequencies and corresponding
CIE coordinates (x,y) (right column) for Sample 2.
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Figure C8. Voltage-dependent as-recorded and normalized spectral response (left and middle
columns) of a 3D-printed ACEL device at various excitation frequencies and corresponding
CIE coordinates (x,y) (right column) for Sample 3.
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Figure C9. Voltage-dependent as-recorded and normalized spectral response (left and middle
columns) of a 3D-printed ACEL device at various excitation frequencies and corresponding
CIE coordinates (x,y) (right column) for Sample 4.
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Figure C10. Voltage-dependent as-recorded and normalized spectral response (left and middle
columns) of a 3D-printed ACEL device at various excitation frequencies and corresponding
CIE coordinates (x,y) (right column) for Sample 5.

115



Table C2 — Voltage-dependent response

1000 Hz 3000 Hz 5000 Hz 7000 Hz 10000 Hz
Frequency (Hz) X y X y X y X y X y
150 0.19 + 0.006/0.50 + 0.007(0.17 + 0.004/0.43 + 0.004]/0.17 + 0.002|0.38 + 0.004/0.16 + 0.003/0.35 + 0.003{0.16 + 0.002|0.32 + 0.004
175 0.18 + 0.003/0.51 + 0.004/0.17 + 0.002/0.43 + 0.003|0.16 + 0.002|0.38 + 0.003|0.16 + 0.001/0.35 + 0.003{0.16 + 0.002|0.32 + 0.003|
200 0.18 + 0.002|0.51 + 0.004/0.17 + 0.001/0.43 + 0.003]|0.16 + 0.001|0.38 + 0.003|0.16 + 0.001/0.35 + 0.003{0.16 + 0.001]0.31 + 0.003|
225 0.18 + 0.001/0.51 + 0.004|0.17 + 0.002|0.43 + 0.003|0.16 + 0.001/0.38 + 0.003/0.16 + 0.001/0.35 + 0.003|0.16 + 0.001|0.31 + 0.003
245 0.18 + 0.001/0.51 + 0.004/0.17 + 0.001|0.44 + 0.003]|0.16 + 0.001/0.39 + 0.003/0.16 + 0.001)0.35 + 0.003)0.16 + 0.001/0.32 + 0.003
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