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ADDITIVELY MANUFACTURED PHYSICAL UNCLONABLE FUNCTIONS: THE
EFFECTS OF QUANTUM DOT NANOPARTICLES ON POLYJET DIRECT 3D
PRINTING PROCESS

Amelia M. Elliott

ABSTRACT

Additive Manufacturing (AM) is a unique method of fabrication that, in contrast to
traditional manufacturing methods, builds objects layer by layer. The ability of AM (when
partnered with 3D scanning) to “clone” physical objects has raised concerns in the area
of intellectual property (IP). To address this issue, the goal of this dissertation is to
characterize and model a method to incorporate unique security features within AM
builds. By adding optically detectable nanoparticles into transparent AM media, Physical
Unclonable Function (PUFs) can be embedded into AM builds and serve as an anti-
counterfeiting measure. The nanoparticle selected for this work is a Quantum Dot (QD),
which absorbs UV light and emits light in the visible spectrum. This unique interaction
with light makes the QDs ideal for a security system since the “challenge” (UV light) is a
different signal from the “response” (the visible light emitted by the QDs).

PolyJet, the AM process selected for this work, utilizes inkjet to deposit a
photopolymer into layers, which are then cured with a UV light. An investigation into the
visibility of the QDs within the printed PolyJet media revealed that the QDs produce
PUF patterns visible via fluorescent microscopy. Furthermore, rheological data shows
that the ink-jetting properties of the printing media are not significantly affected by QDs

in sufficient concentrations to produce PUFs.
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The final objective of this study is to characterize the effects of the QDs on
photocuring. The mathematical model to predict the critical exposure of the QD-doped
photopolymer utilizes light scattering theory, QD characterization results, and
photopolymer-curing characterization results. This mathematical representation will
contribute toward the body of knowledge in the area of Additive Manufacturing of
nanomaterials in photopolymers.

Overall, this work embodies the first investigations of the effects of QDs on
rheological characteristics of ink-jetted media, the effects of QDs on curing of AM
photopolymer media, visibility of nanoparticles within printed AM media, and the first
attempt to incorporate security features within AM builds. Finally, the major scientific
contribution of this work is the theoretical model developed to predict the effects of QDs

on the curing properties of AM photopolymers.
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“Research is what I'm doing when I don't know what I'm doing.”

-Wernher Von Braun
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CHAPTER1 INTRODUCTION AND MOTIVATION

1.1 Introduction to Additive Manufacturing (AM)

Traditional manufacturing methods include machining, injection molding, casting,
stamping, and welding. These processes utilize mechanical removal of material,
shaping of material with a mold, and fusing pre-made geometries together, respectively.
Additive Manufacturing (AM), also referred to as Rapid Prototyping or 3D Printing, is
unique among manufacturing processes in that objects are created by building them up
layer-by-layer. Many methods exist for creating objects in a layer-wise fashion, mostly
commonly known methods include hot-plastic extrusion (technically called “Fused
Filament Fabrication”), laser sintering in a powder bed (known as Powder Bed Fusion),
laser curing in a photopolymer vat (Stereolithography or SL), and others. In each AM
method, energy and/or material is sequentially patterned into two dimensional layers,
with each layer constituting one planar cross-section of the 3D geometry to be
manufactured.

When compared to traditional manufacturing methods, AM offers much freedom
to the mechanical designer in terms of complex geometries, integrated assemblies, and
manufacturing turnaround time on custom parts. First, creating an object one layer at a
time permits complete control to the inner geometries of the part, allowing geometries to
be created that would be impossible to create via machining, injection molding, casting,
or other traditional manufacturing processes. Second, the control over each layer allows
moving joints and assemblies to be created, the designer must simply allow the proper

clearances within the joints. Also, since the machine operator has access to every layer
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of the artifact, embedding objects such as memory wire, motors, or even nanoparticles
becomes possible [1]. Finally, since AM builds do not require special tooling or setup
and can be run relatively unattended, parts can be created with the push of a button
overnight or over a weekend, massively reducing labor costs and lead times for special

parts.

1.2 Motivation for Security Features in AM

A critical issue that has arisen due to the decrease in cost and size of AM is
increased access to the technology - and that access, unfortunately, may be misused.
Just as the digital formatting of music files opened the doors for illegal transfer of music,
AM has now made possible the physical manifestation of digital, three-dimensional (3D)
designs without the explicit permission of original designer or intellectual property (IP) or
copyright owner. Also, since sharing and creating digital 3D models for use in AM
machines is relatively simple and already popular amongst AM users [2-3], the potential
for counterfeiting products created via AM is inevitable [4]. Counterfeiting becomes a
major issue when considering product liability, and as AM moves into customized, low-
volume manufacturing, marking objects with security features can mitigate illegal
warranty claims or lawsuits held for product failure.

As a final argument for the need for security features in AM builds, the recent
attempts to develop an additively-manufactured assault rifle, also known as a “wiki
weapon,” have raised concerns about the implications of AM technology on
government-regulated products [5]. Alone, adding the capability of incorporating security
features within AM builds will not deter a lawbreaker from illegally producing a firearm.

The wiki weapon itself is a demonstration of the lack of security behind AM technology.

2
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However, future generations of AM equipment could be regulated such that security
features are automatically embedded, read, and cataloged in a database which
associates the security feature’s code with a particular AM machine. Thus, any
government-regulated geometries created via AM could be traced to the specific AM
machine of origin, and the registered owner of the machine can be held responsible.
The work proposed in this dissertation is not an attempt to develop a complete
system to create, embed, and encode security features within AM builds. On the
contrary, this work constitutes the first steps toward developing a process for
incorporating security features within AM builds. In the remainder of this chapter, the
selection of the type of security feature, the type of AM process, and the materials with
which to create the security feature will be described. The overall project goals will be
detailed, which involve studying the effects of incorporating security features within an
existing AM process. Finally, the outline of this dissertation will be provided in the form

of a roadmap at the end of this chapter.

1.2.1 Physical Unclonable Functions (PUFs)

An effective method to combat counterfeiting is to fully embed security features
within additively manufactured parts, just as RFID (Radio Frequency Identification) tags
are embedded within security badges for ID recognition. Ideally, this security feature
would be non-repeatable, even with the use of a 3D scanner or skilled CAD technician.
The majority of security features are based on challenge-response authentication, which
is a type of security protocol in which a question or “challenge” must be answered with
the correct response to gain access to the secured object or information. In proper

terms, the “challenge” is presented by a “probe” to the “system,” which must produce
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the correct “output” to achieve authentication. An issue that arises in challenge-
response authentication is the mapping and cloning of the system or the output, thus
undermining the authentication protocol. To circumvent this issue, a new type of
security feature was imagined in which neither the system nor the output could be
replicated. This type of security feature is known as a Physical Unclonable Function
(PUF) [6].

A PUF is a type of security feature that takes advantage of randomness in the
arrangement of matter or in manufacturing processes to produce a security key which is
virtually impossible to replicate. PUFS, originally called “physical one-way functions
(POWFs),” evolved from the idea that the optimal security feature would be comprised
of numerous, binary-state, quantum particles of which the quantum state theoretically
cannot be controlled. The security of quantum particles is derived from a fundamental
theory called the “Quantum No-Clone Theory” that states that quantum states cannot be
cloned with certainty. Although the use of quantum states is theoretically very secure,
the practical use of quantum states would fail due to the inevitable altering of the
quantum states by the environment. However, from this original idea of using quantum
states of particles, the new idea of using random, uncontrollable systems as security
tokens emerged. The basic characteristic of such a system would be uniqueness,
tamper resistance, and unforgeability [7-8].

A method originally used to create PUFs was the random dispersing of bubbles
within an epoxy. A laser in combination with a light sensor was used to scan the artifact
and map the pattern of the bubbles. This is known as an Optical PUF. Figure 1-1 is an

image of an optical PUF. Since then, PUFs have advanced to the world of integrated
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circuits (IC’s), where the variation in the manufacturing of the IC chips becomes the
unclonable aspect of the PUF [9]. Forms of IC PUFs include silicon PUFs and coating
PUFs. Coating PUFs are IC’s which receive a coating of di-electric particles, and a
challenge to the circuit detects the random effects in the presence of the particles. A
silicon PUF is also an IC but the variation in the conductive tracks and individual

components of the IC are detected.

T
—

Camera/Optical Optical PUF Laser or Light

L =

Optical response from Optical Response Response rejected or
PUF Analyzed via computer ~ @pproved based on
for specific Pattern computer algorithm

Figure 1-1: Schematic representation of an optical PUF. A laser or light source
illuminates the pattern of the particles within the transparent media. A
camera detects the response, and the pattern of the particles is analyzed.
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AM Process Selection

Of the many methods that exist for additively manufacturing artifacts, some
methods are more suited for PUFs than others. Since the PUF is to be selectively
placed within the AM build by an existing AM process, it is preferred that the AM
process selected is able to process multiple materials. Furthermore, incorporating PUFs
into AM builds requires the ability to build with transparent materials. Stereolithography
(SL), PolyJet, and Fused Filament Fabrication (FFF) are the three types of AM
processes that currently utilize transparent media.

Of these three processes that utilize clear material, SL and FFF are the least
suited for the creating PUFs. SL is considered a high-resolution process which consists
of a build platform, a vat of photopolymer, and a UV laser that selectively cures the
photopolymer. The build platform is first lowered into the vat just below the surface of
the photopolymer. The UV laser cures the photopolymer in the desired layer shape, the
build platform is lower further into the resin, and the process repeats until the build is
complete. Due to the nature of this process, only one material is able to be easily
processed for each build. Methods exist for incorporating multiple materials into SL
builds, but these systems are custom-made and not commercially available. In contrast,
FFF and PolyJet are able to incorporate multiple materials in a single build by using
multiple nozzles. For FFF, a thermo-plastic filament is forced through a hot nozzle, and
the molten plastic is deposited into the desired layer shape. After each layer is
completed, either the nozzle raises or the build platform lowers to create room for the
next layer. Although FFF can process multiple materials, the clarity of the so-called

“transparent” FFF parts is compromised by the low-resolutions of the printing process
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itself, which inherently leaves visible traces of the build layers and tool paths. Therefore,
due to the lack of multiple material handling and a lack of clarity, respectively, neither
SL nor FFF is well-suited for optical PUFs. This leaves PolyJet as the best candidate for
incorporating the creation of PUFs within AM builds, and the PolyJet process will be

described in more detail next.

1.2.2 PolyJet

The Stratasys PolyJet Direct 3D Printing process (Stratasys; Tel Aviv, Israel) is
most suited for creating PUFs due to its multiple material capabilities, fluid feed
material, and clear resin. An example of the clarity that can be achieved in PolyJet

builds is shown in Figure 2 below:

EEEERTETOIVES VAt~ 2 4 R
=T e __i.- has combined the dispersiv.
W‘»: INOVEHIIU: s 2252 e Y
g

B 115 DOLING
N N

[ o - W
PR e the ideZdoee Rast poMiby

f

h the gc.i sgtn bonding parameter fo; a
ble, since &~ 7 o depends critically on the hydrogen
er componcies; the three-dimensional representation of sl
Figure 1-2: Stratasys PolyJet VeroClear Build
The PolyJet process utilizes inkjet printing (IJP) technology in the deposition of

photopolymer into layers. First, the IJP block traverses over the build platform,
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depositing a layer of liquid photopolymer. After the liquid layer is formed, a roller on the
print block smoothes the layer flat. Finally, the ultra violet (UV) lamps on the print block
shine onto the layer, curing the liquid photopolymer into a solid layer. The cycle repeats
until all layers of the object are created. A hydrophobic, gel-like support material is
deposited within the voids of the build and around the perimeter of each layer to serve
as a barrier to movement of the build material when it is in liquid form. Figure 2 below

depicts the print block and the overall printing process.

S e Print Block Travel direction (X)

___— PrintBlock
: Leveling Roller
uv Inkjet } - uv
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Build Tray

I Build Tray Travel Direction (2)

Figure 1-3: Stratasys PolyJet Print Head Block (adapted from Stratasys®© Training
Manual)

PolyJet is unique among AM processes in that it is designed specifically to
deposit multiple materials within a single layer. From this, objects can be created with

rigid, plastic-like sections attached to rubber-like or optically clear parts. This capability
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has provided the opportunity to print more complex prototypes, just as rigid containers
with rubber-like seals or rigid mechanisms with rubber-like joints.

The anatomy of the Stratasys Connex 350 is detailed in the image below. The
printer is comprised of the print block, build platform, fluid material cartridges, fluid

material lines, waste cartridge, and lid.

™

Build Platform

Print Block

Waste Cartridge

Figure 1-4: Stratasys Connex 350 PolyJet 3D printing machine [10]

The ability to process clear materials alongside other materials makes the
PolyJet process an ideal candidate to incorporate the creation PUFs within its process.
The process of incorporating PUFs production into PolyJet builds would proceed as
follows (Figure 1-5):

1. Inject optically-detectable particles into clear PolyJet resin cartridge

2. Design a feature within the 3D model to incorporate the particle-doped resin
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3. Print the 3D model with the particle-doped resin incorporated into the build

[ [ particles

N
D

N
NS

[ \

Step 1: Design digital 3D Step 2: Add Step 3: Print object with
model with some volume  nanoparticles into  embedded particles
specified as PUF material PolyJet material

cartridge

Figure 1-5: Procedure for Incorporating PUFs into PolyJet builds
Considering the required steps, it can be concluded incorporating PUFs within
PolyJet builds has the potential to be immediately adaptable by current commercial

PolyJet printers.

1.2.3 Quantum Dots

In order to deposit the particle-doped resin via inkjet, the particles must be small
enough to pass through the inkjet nozzles, which are approximately 60 microns in
diameter. Thus it is necessary to employ small particles, and nano-scale particles would
be ideal for avoiding nozzle clogging. Quantum Dots (QDs) are a specific type of
nanoparticle with unique optical properties that lend themselves well to this particular
application. The salient property of a QD is that it absorbs ultraviolet (UV) light and

emits the light in the visible spectrum. Traditionally, QDs are made of chalcogenides
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(selenide or sulphate) of metals like cadmium or zinc (for example: CdSe and ZnS), but
QDs composed of other materials also exist [10]. QDs range from 2 to 20 nanometers
in diameter, and the color of the QD in visible and UV light is dictated by the size of the
dot [10]. For example, a 2 nm QD particle will appear light yellow in visible light and
glow blue under UV light. Figure 1-6 shows orange QDs in visible light, while Figure 1-6

shows the same QDs glowing yellow-green in UV light.

Figure 1-6: QD Powder in a) Visible Light (Orange Color) and b) UV Light

(Yellow Color)

This particular alignment of optical PUFs comprised of QDs is a first in the field of
cryptography, but overall the combination is obvious. The ability for a particle to
transform an input wavelength of light is ideal for challenge-response type security
since the challenge input signal (UV light) is differentiable from the system response
signal (visible light). Also, as with the previously described optical PUF made of bubbles
dispersed in a clear epoxy, any typical particle would only be able to block the input light
signal. This design of merely blocking the input signal requires a specific PUF geometry,

namely a sheet configuration in which the light source can shine completely through the

11
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PUF into the detector. With QDs as the response particle, the PUF can be placed on the
surface of an object and the input light source can be place adjacent to the response

detector. Figure 1-7 describes the two configurations.

a) Optical Token with Typical Particles

Response Challenge
Signal Signal
\
/
Camera/Optical Optical Token Laser or Light
source

b) Optical Token with Quantum Dots

Challenge Sign

EEE—— Laser or Light
__7 source
Response Signal Camera/Optical
Detector

Optical Token

Figure 1-7: Procedure for Incorporating PUFs into PolyJet builds

QDs have been used in the areas of data storage and sensing devices (Chapter
3).QD nanoparticles are of particular interest in microscale patterning because of their
size-dependent photoluminescence, narrow band of emission, and nonlinear optical

properties [10—15]. The high-resolution patterning of quantum dots within bulk polymer,

12
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specifically, has potential in photonic and biomedical applications as well as pressure

and temperature sensing, cryptography, and programmable matter [14-20].

In summary, QDs emit discrete points of light which can be randomly dispersed

when injected into a fluid. These two qualities align wholly with the basis of PUFs,

which is the random arrangement of particles that are optically detectable.

1.3 Process Design Selection Overview

In summation,

PUFs, QDs, and PolyJet have been chosen to serve as the

platform of this investigation of creating security features within AM parts. PUFs were

chosen as the desired security feature to be incorporated into AM because of their

inherent unclonability. Specifically, optical PUFs, which take advantage of the stochastic

arrangement of matter, were chosen because particles can be readily dispersed within

AM media. PolyJet was chosen as the most-suited for PUFs due to the process’s ability

to process multiple materials, fluid feed material, and transparent media. Finally, QDs

were chosen due to their size and unique optical properties. Figure 1-8 below

summarizes the selection process:

Requirement:
Unclonable security

feature to incorporate
into AM Builds

- = = Requirement
Selection

-

-I Selection: | Requirement: |
| Optical, Physical | Optically |
| Unclonable 1 Unique
| Functions (PUFs) : Particles

_____ bo___.

AM Process Requirements: | Selecti
election:

Iy Multiple materials > -

2 Clear Media | Polylet

e e e e e e e e - - 4

Figure 1-8: Summary of Process Design Decisions
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1.4 Dissertation Outline and Research Contributions

The motivating application for this research is the creation of creating a security
feature within AM builds, which would provide a means to combat counterfeiting and the
illegal production of regulated geometries via AM. Given the previously-stated concepts
for a potential solution (PUFs, PolyJet, and QDs), the corresponding overall project goal

can be stated as follows:

Overall Project Goal: Create Physical Unclonable Functions via PolyJet 3D Printing of

Quantum Dots

The primary research question, and overall research goal, that arises from this

project goal is as follows:

Overall Research Question: How Do Quantum Dots Affect the PolyJet Process?

Within this overall project goal and research question resides specific sub goals and
questions. Namely, the feasibility of the overall goal must be established and certain
effects of the QDs on the PolyJet process must be characterized. First, verification of
the visibility of the QDs within PolyJet resin must be achieved. Second, it must be
proven that the QDs can be successfully ink-jetted as part of the PolyJet process. The

corresponding qualifying questions are as follows:

Qualifying Question 1 (QQ1): What concentration of QDs within PolyJet media is

necessary to provide readily visible fluorescence to the naked eye?

14
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Qualifying Question 2 (QQ2): Can the Quantum Dots be added to the PolyJet media

and successfully inkjetted without a significant change in jetting behavior?

Answering QQ2 requires studying the rheology of the QD-doped photopolymer
as well as the inkjetting performance. Finally, the effects of the QDs on the
photopolymerization part of the PolyJet process must be characterized, and this

characterization is framed by the Primary Research Question:

Primary Research Question: How do QDs affect the photopolymerization of PolyJet

resin?

This characterization and the subsequent answering of the Primary Research Question
will constitute the significant research contribution of this dissertation. The following
sections will describe in more detail the efforts toward answering QQ’s 1 and 2 and the

Primary Research Question.

1.4.1 Visibility of QDs with PolyJet Media

Chapter 2 is comprised of investigations and results related to QQ1, the visibility
of the QDs within the cured PolyJet photopolymer. The investigations include creating
thin films of QD-doped PolyJet media and investigating the sample under UV excitation
with the naked eye, bright field microscopy, and fluorescent microscopy. Also, QD-
doped PolyJet media is embedded within a PolyJet build to simulate an actual
embedded PUF, and the QDs are optically analyzed in the same fashion. Finally,
surface treatments and print settings are explored to demonstrate some means of

improving the QD visibility if that improvement is needed in the future. Overall, the
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conclusions from these visibility investigations demonstrate the feasibility of creating

readable PUFs from QDs within the PolyJet process.

1.4.2 Inkjetting with Quantum Dots

Chapter 3 focuses on answering QQ2, which encompasses the effects of QDs on
the inkjet process. In Chapter 2, the rheology and jetting behavior of the QD-doped
PolyJet resin are investigated. First, a literature review of inkjetting with particle-loading
fluids is provided, and the key rheological characteristics for predicating jettability are
identified. Next, these key rheological characteristics are measured for varying QD
concentrations, and the jettability of these concentrations is calculated. Finally, the
jetting of the QD particles is performed with a single nozzle inkjet test stand, which

demonstrates the practicality of adding QDs into PolyJet material cartridges.

1.4.3 Characterization of Photopolymerization with Quantum Dots

Chapters 4 and 5 contain the bulk of the contribution of this dissertation toward
the goal of characterizing the effects of QDs on photopolymerization, which is in answer
to the Primary Research Question. Chapter 4 includes a literature review of existing
photocuring theory and characterization methods, while Chapter 5 communicates the
modeling and experiments performed toward characterizing the effects of QDs on
photopolymerization.

Beyond studying the effects of QDs on the PolyJet process lies the added tasks
of adding QDs to the PolyJet material cartridges and actually printing the reading and

encoding the QD pattern, however this step is beyond the scope of this dissertation.
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1.5 Roadmap

Provided in Table 1-1 is roadmap that identifies the goals of this dissertation and
the corresponding chapters and research phases. At the beginning of the roadmap in
Table 2, it can be seen that the goal of Chapter 1 is to describe the problem, describe a
solution to that problem, and describe the corresponding qualifying and research
questions. The problem, specifically, is the need to incorporate security features within
AM builds, and the solution is to add QDs to PolyJet media to create PUFs within
PolyJet AM builds. This solution brings rise to two qualifying questions and one
research question identified in Section 1.4. The work in Chapter 2 focuses on answering
Qualifying Question 2, which deals with determining if the QDs are visible within PolyJet
media. Chapter 3 includes a literature review of inkjetting with particles and
experimentation that serves to answer QQ2: are the QDs inkjettable? Chapter 4
describes the literature review and experimental methods (equipment and procedures)
used in this work toward answering the Primary Research Question: How do QDs affect
Photopolymerization? Chapter 5 describes the experimental results of the research
methods, the theoretical model formed based on the literature review, and a comparison
of the model and the experimental results. Chapter 6 contains experimental data that
illustrates the effects of intensity on the critical exposure of photopolymer, which
constitutes the Secondary Research Question. The remaining chapter, Chapter 7,
contains the conclusions from the experimental work and suggestions for future work

toward creating PUFs via Polyjet of QDs.
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CHAPTER 2 QUANTUM DOT VISIBILITY WITHIN POLYJET MEDIA

2.1 Introduction
The work in this dissertation is focused toward creating security features within
existing AM processes which can identify legitimate builds from counterfeits. PUFs are
in the category of “challenge-response authentication,” with the challenge being
exposure to UV light and examination with an optical detection system, and the
response being the pattern of the QDs within the PUF. To function as a security feature,
it is crucial that the optical response of the PUFs to the “challenge” be readily
detectable. Furthermore, to pursue the objective of creating PUFs within PolyJet
artifacts, it is critical to consider the optical visibility of the QDs embedded within the
cured part. Since the photopolymer surrounding the QDs also absorbs UV light, it is
possible that the UV light meant to illuminate the QDs to elicit a security response will
be absorbed by the surrounding polymer to an extent that makes detecting the QDs
impractical. Thus, this chapter focuses on methods for optically detecting QD’s
dispersed in PolyJet media and methods for improving QD visibility within the media.
First and foremost, a range of QD concentrations must be explored to determine
the minimum concentration necessary to produce fluorescence visible to the naked eye.
This metric was chosen because concentrations with visible fluorescence would have
sufficient amount of QDs to create PUF patterns. Thus, investigating cured, QD-doped
PolyJet films is a convenient way to identify the appropriate sample concentrations for
jetting and curing experiements. Determining this minimum concentration is critical to

jetting and curing experimentation (Chapters 3-5) because of the cost of QD materials.
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Thus, Qualifying Question 1 addresses the need to identify the minimum concentration

of QDs:

Qualifying Question 1 (QQ1): What concentration of QDs within PolyJet media is

necessary to provide readily visible fluorescence to the naked eye?

Detection of QD patterns within AM parts is critical to the security of the
embedded PUFs, so factors that affect visibility both by the naked eye and by
microscope must be explored. Variables within the production process itself can
contribute to the visibility of the QDs within the PolyJet photopolymer. The variables in
the production process of QD PoyJet PUFs includes functionalization and concentration
of the QDs within PolyJet photopolymer, printer settings, PUF geometry, and post
processing techniques. To frame the work exploring factors that affect visibility, QQ’s

1.1 and 1.2 are formed:

Qualifying Question 1.1 (QQ 1.1): How do production variables affect the visibility of

PUF patterns?

Qualifying Question (QQ 1.2): How do production variables affect the visibility of QDs

by the naked eye?

First, the minimum concentration of QDs to produce fluorescence visible to the
naked eye (QQ1) will be explored in Section 2.2. Then, variables affecting both
microscopic and naked eye visibility (QQ’s 1.1 and 1.2) will be addressed in Section 2.3.

Since the work in this chapter stands to 1. Establish minimum concentrations for curing
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and jetting experimentation in Chapters 3-5 and 2. to provide some insight into methods

to improve visibility of the QDs, the analysis performed in this chapter is qualitative.

2.2 Qualifying Question 1: Minimum QD Concentration

A major variable in the samples used in this dissertation is the concentration of
the QDs within the photopolymer. Adding QDs to the photopolymer affects the rheology
of the PolyJet photopolymer media as well as the appearance of the cured media.
Adding too few QDs would result in poor PUF patterning and visibility, and too many
QDs would adversely affect the inkjetting properties of the photopolymer. A simple way
to determine the upper limit of QD concentration is to observe a few concentrations
under UV light with the naked eye.

QD concentrations were prepared by first synthesizing the QDs via chemical
synthesis and then stirring and sonicating the mixtures until homogeneity was achieved
[1]. Samples were created by exposing a small beaker of the uncured, QD-doped
polymer samples to an 8-watt UV lamp for approximately 15 seconds (24 mJ/cm?

dosage). This resulted in the films shown in Figure 2-1, which are two-to-three hundred

microns thick and approximately 1 inch in diameter.

Figure 2-1: Film samples (in square, black fixtures) of varying QD weight percents
under UV light: a) 0.02 wt% b) 0.1wt% c) 0.2 wt% d) 0.5 wt%
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Upon observing these samples under UV light in a dark room, it can be seen that
the QDs create a visible fluorescence with 0.2% mass concentration. A very strong
fluorescence can be seen in the 0.5% sample. From this, it was determined that 0.5%
mass concentration of QDs was sufficient to produce visible fluorescence to the naked
eye, and that observing the effects of QDs in much higher concentrations is not
necessary. In other words, since the salient purpose of the QD-photopolymer mixture is
to create a pattern recognizable via microscope, it would not be useful to investigate
concentrations beyond what is clearly visible to the naked eye. Therefore, for the
visibility, rheology and jetting investigations, concentrations no greater than 0.5% will be
observed. For the photopolymerization characterization in Chapters 4 and 5,
concentrations of up 5 wt% are investigated since a broader characterization of the

effects of QDs on photopolymerization is desired.

2.3 Qualifying Question 1.1 and 1.2: Production Variables that affect QD

Visibility

Qualifying Questions 1.1 and 1.2 deal with process factors that could affect the
visibility of the QDs on a macroscopic (e.g. naked eye visibility) and microscopic level.
To establish the feasibility of creating PUFS with QDs in PolyJet media, understanding
the process factors that can affect visibility is critical. Section 2.3.1 will discuss the
different process variables explored, Section 2.3.2 will describe the sample preparation
methods, Section 2.3.3 will describe analysis methods, and Sections 2.3.4 and 2.3.5 will

discuss the visibility results on the macro and micro scales, respectively.
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2.3.1 Process Variables

The “processing” of the QDs starts with the actual synthesis and functionalization
of the QDs and ends with post-processing of the PolyJet prints with embedded QDs.
Functionalization in this case denotes the modification of the QD particle surfaces
toward improving compatibility between the QDs and the PolyJet polymer. Once the
QDs are functionalized, they are mixed in varying concentrations with PolyJet VeroClear
photopolymer via stirring and sonication until homogeneity in the mixture is achieved.
Next the liquid samples are either embedded in PolyJet builds or deposited onto a
substrate and subsequently cured. Finally, the PolyJet builds with embedded QDs can
be polished and the surface treated to improve visibility. The remainder of this section

will describe the various process steps in more detail.

Functionalization

Functionalization of the QDs was performed for the purpose of improving the
compatibility between the QDs and the photopolymer, which would reduce
agglomeration and settling seen in the QD-polymer mixtures. During functionalization,
polymer ligands are attached to the surface of the QD particles and act as a bridge
between the QDs and the surrounding polymer chains. By coating the surfaces of the
particles and ultimately creating a distance barrier between the particles themselves,
the QDs are less likely to be attracted to one another and agglomerate. Furthermore,
the ligands help combat settling of the QDs. Finally, during curing, functionalization
allows the QDs to be part of the polymer network instead of being trapped within [1].
The effects of the functionalization on visibility are discussed in Sections 2.3.3 and

2.34.
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Printing Settings and Post Processing

VeroClear photopolymer used in this investigation is described by the
manufacturer as “water clear.” PolyJet process itself, however, introduces imperfections
on the surface of, and within, the additively-manufactured part that reduces its
transparency. As listed in Table 2-1, four categories of techniques exist for improving
the clarity VeroClear parts: system cleaning, printing settings, design techniques, and
post-processing techniques.

1. Cleaning the material supply lines within the machine ensures that only
translucent material will be deposited in the build.

2. The printing techniques that increase transparency are designed to
minimize the amount of over-curing in the part, which contributes to
decreased clarity.

3. Since the PolyJet process currently does not have the capability to
selectively cure layer profiles, the entire build gets UV dosage even if a
small portion of the build is getting printed at the time. Therefore,
designing the part so that transparent portions of the part are not
significantly lower than the total build height minimizes over cure that
occurs as the UV light cures higher layers.

4. Post processing techniques such as polishing and lacquering improve the

surface finish and clarity of VeroClear parts.
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Table 2-1: Techniques for improving clarity of PolyJet VeroClear Parts [2-3]
(Techniques considered in this research are highlighted in grey)

Replace the resin using “High
Performance” replacement option: In
contrast to the regular resin replacement

Clean the printing block
(roller bath and print heads):
Cleaning the printing block

option, the High Performance resin | removes non-transparent
Cleaning | replacement option performs extra | resins from the printheads and
Techniques | cleaning that will more fully ensure the | roller bath that may migrate
complete depletion of non-transparent | into the VeroClear part during
resin in the material feed lines, which | printing.
contributes to the non-transparency of
VeroClear prints.
Use a Matte finish: The over-exposure | Print in High Speed Mode:
o of the VeroClear to UV light can | this mode reduces the amount
Prlntlng negatively affect the translucency - | of passes of the UV light by
Techniques | printing with a Matte finish acts as a | increasing the layer thickness
“sunscreen” against UV exposure. from 16 microns to 30
microns.
Design Avoid over-exposure of glossy parts by | Use thin walls: Less material
Techniques | printing objects with same Z-height means better transparency
Allow a few days for the | Polishing: Lacquering:
Post object to reach maximum | Polishing removes | Adding a lacquer to
Processing clarity: Allowing the part t'o surface .defects surfapes fills in
Techniques rest for a few days will | which contribute to | cavities that

improve clarity along with
polishing the surface.

opacity

contribute to opacity

Although the literature establishes some “best practices” for improving the clarity

of VeroClear PolyJet prints, these methods are toward naked-eye clarity and not clarity

on the microscopic level. Since optical PUFs are viewed via microscope, it is important

that these methods be investigated for clarity on the microscopic level. In Table 2, the

variables highlighted in grey (matte vs. glossy print settings, polishing and lacquering)

are the two print settings that could affect the microscopics visibility of QDs within the

polymer.

As shown at the bottom of Table 2-1, post processing techniques can also

improve clarity in addition to print settings. The post-processing techniques that exist for
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improving the clarity of VeroClear parts include polishing and lacquering [2]. Polishing
the surface of VeroClear parts has the potential to improve visibility of the QDS because
this process gets rid of surface defects that contribute to opacity. Lacquering, on the
other hand, does not reduce surface defects but rather adds a coat of material, which

has the potential to degrade visibility. These techniques are described in Section 3.3.3.

Geometry and Concentration

In designing PUFs, it is important to know the minimum thickness required to
produce visibility of the PUF on the macro and micro levels. A geometry that is too thin
might not be noticeable to the naked eye, and a geometry too thick would be a waste of
QD material. Furthermore, too high of a concentration would make the QD patterns too
crowded and indistinguishable, and too low concentrations would prevent the QDs from
being visible to the naked eye. Thus, exploration of varying concentration and PUF

geometries is performed in this work.

Summary of Variables

The following processing variables are explored in this chapter for their effects on
visibility on the macro and micro levels:

1. Functionalization of the QDs prior to incorporating into PolyJet resin

2. QD Concentration within the resin

w

Geometry of the PUF

»

Printer Settings (Matte vs. Glossy)

5. Post Processing (polishing and lacquering)
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Sample preparation and analysis methods will be discussed in Sections 2.3.2
and 2.3.3 and the visibility results for the naked-eye and microscope will be reported in

Sections 2.3.4 and 2.3.5, respectively.

2.3.2 Sample Preparation

Functionalization

Functionalization was performed via chemical means at Virginia Tech [1]. After
the QDs were synthesized and dried, the functionalization components were
synthesized and the QD powder was incorporated. Once sufficient stirring was

achieved, the coated QDs were dried once more into powder form.

Embedding Procedure
To fully investigate the visibility of QDs within PolyJet artifacts, QDs must be
encased within printed PolyJet material and observed. This was accomplished by
manually embedding a solution of QDs and PolyJet resin into a void of a printed part as
it is being fabricated. Using a procedure outlined in prior work, samples were created
with embedded QDs using the following steps (Figure 2-2) [4]:
1. Create a 3D model with empty volumes in the location of which the
embedded fluid is desired to be placed
2. Initiate the PolyJet print
3. Pause the print at the appropriate layer
4. Open the printer and remove the support material that occupies the print
in the areas that correspond to the empty volumes in the 3D model

5. Deposit the embedding fluid into the scraped volume
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6. Cure inserted fluid with UV lamp

7. Close the printer and proceed with printing

Void Space Support Material

N\
% Partially printed Object

/ \ Build Platform
Steps 1-2: Design digital 3D Steps 3-4: Pause the build and remove
model with some volume support material from void space
dedicated to embedding, and
initiate print

Particles mixed in
PolyJet Media

r& Print Block

Step 5-6: Add nanoparticle fluid
into void space and cure with UV
lamp

Step 7: Resume build, allowing the
remaining build volume to encase
the embedded QD mixture

Figure 2-2: Process for embedding QDs within PolyJet builds
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Print Settings

Two different print settings were tested for their effects on visibility: the glossy
print setting and the matte print setting. For the matte finish, support material is printed
atop the top layer of the build and acts as “sunscreen” against over-curing (this layer
removed post print using a high-pressure water jet). The glossy samples were left
uncovered and received an additional does of UV light. Four samples were created: one
sample was printed with a “matte finish” print setting and three samples were printed
using the “glossy finish” print setting.

The matte and glossy print settings were polished and lacquered to see which
combination of matte/glossy and polished/lacquered produced the best visibility. These
combinations were observed via fluorescent microscopy (Section 3.2.3) and with a

surfometer, which measures surface roughness.

Surface Treatment Sample Geometries

In order to test the effects of surface finishing techniques, it was necessary to
design a test sample that could undergo surface finish treatments. Because it is difficult
to selectively polish a surface (which is one of the surface finishing techniques), it was
required that the samples be physically separate from one another (as opposed to
applying many surface treatments to one sample surface). The surface finish samples
were created using the embedding technique described in the previous section. To
create the experimental samples, QD’s were synthesized, mixed in 5.0 wt% with PolyJet
VeroClear photopolymer, and embedding into the PolyJet build. The dimensions of the

test sample are illustrated in Figure 2-3 below.
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Printed Polymer (approximately
0.020” thick above QD layer)

/$ 0.070”

Embedded QDs
(Approximately 0.030” thick)

Top surface finish
treatments varied

1”

0.5”

Figure 2-3: Diagram of Surface Finish Samples

Two of the three glossy samples were treated post-print. one by polishing
(following PolyJet guidelines [2]) and the other by coating with a spray lacquer. The
object of this test was to see what techniques provide the best surface finish, and

subsequently the most clarity.

PUF Geometry and QD Concentration

The visibility of the QDs within printed VeroClear can be affected by the
concentration of the QDs as well as the thickness of the QD layer. To analyze this, a
test sample was designed with varying well depths and columns to accommodate 6
different concentrations of QDs. To create the experimental samples, QD’s were
synthesized, mixed with PolyJet VeroClear photopolymer in varying concentrations, and
embedding into the PolyJet build (as per Figure 2-2).

A test sample was designed with 6 columns of wells at varying depths. 18

different sample wells were created: six different concentrations were deposited at three
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different well depths. The geometry and an image of the sample can be seen below in

Figure 2-4:
Top view Side view
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Figure 2-4: Diagram of Concentration and Well-Depth Sample Dimensions

Post Processing Techniques

Two post-processing techniques were tested for their effects on the visibility of
QDs within PolyJet builds: polishing and lacquering. To polish the sample, several steps
were taken. First, the surfaces were dry-polished with 200 and 300 grit sand papers to
remove the larger surface defects. Next, wet sanding was done with 400, 600, and up to
1000 grit sandpapers. Wet sanding is accomplished by soaking the sandpaper in water
prior to sanding. Micromesh sanding was accomplished by sanding the samples with
micromesh sand paper and a polishing compound. Finally, the samples were buffed
using a buffing wheel and more polishing compound. To lacquer the samples, an

aerosol guitar lacquer was sprayed onto the sample surface and left to dry for 24 hours.
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2.3.3 Analysis Methods

Bright Field and Fluorescent Microscopy

In order to view individual QDs, it is necessary to observe the samples under a
microscope that can illuminate with UV light and detect fluorescent light. A fluorescent
microscope is the ideal tool for observing individual QDs as they fluoresce. The
fluorescent microscope used in this work is a Leica Microsystems DMI6G000B inverted
microscope equipped with Leica EL6000 external light source for fluorescence
excitation. A TxR (Texas Red) filter cube was used for detecting emission of the QDs.
The microscope can also be used for bright-field imaging by changing the light source
and filter. Being able to view the QDs in this manner will give insight into how the

surface finish techniques affect the visibility of QDs.

Naked Eye

Beyond the goal of addressing QQ1, some investigations were performed to
understand the visibility of the QD fluorescence to the naked eye. Naked eye visibility
matters for the practical reason of identifying the location of a PUF on an AM artifact.
Therefore, brief inspection was performed to see how QD concentration, PUF thickness,
print settings, and surface treatments affect the nake-eye visibility. These investigations
serve as a starting point for future work in PUF design, but full, quantitative analysis is

beyond the scope of this dissertation.

Surface Roughness Measurement
Since the surface finish plays an important role in clarity, it would be beneficial to

understand the difference in surface roughness between the samples. Investigation of
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surface roughness will be achieved using a high-precision surface roughness gauge
know as a surfometer. The instrument utilizes a small, diamond-tipped probe with a
piezo sensor to follow the contours of the sample surface and report data on the
frequency and amplitude of surface defects. A surfometer is typically used on harder
materials such as metals, but it was verified through the manufacturer that the SRG

4000 used in these experiments was capable of measuring hard plastic surfaces.

Summary of Methods

The methods in this chapter are directed toward investigating the visibility of the
QDs within PolyJet polymer. Visibility is determined by the ability of an optical
microscope to detect patterns created by the arrangement of QDs. Variables that might
improve visibility include (i) printing parameters, (ii) post-processing techniques, (iii) QD
concentration, and (iv) PUF geometry. Samples were created by injecting QD-doped
PolyJet media via an embedding process that involves pausing a PolyJet build,
removing support material, injecting the QDs, and resuming the build to encase the

QDs. The remainder of this chapter will discuss the results of the visibility investigations.

2.3.4 Naked Eye Visibility Results

Embedding

Figure 2-5 is an image of a business card sized PolyJet print that was embedded
with QDs using the procedure established in Section 2.3.2. Figure 2-5 is a
demonstration that the embeddin technique works and that the QD fluorescence is

visible from within a PolyJet build.
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Figure 2-5: QDs Embedding in PolyJet Build under (a) UV light and (b) visible light

Although this technique makes the creation of artifacts with embedded QDs
possible, it is very time-consuming and has many limitations. First, the features for
embedding cannot be very fine and, subsequently, the fluid injection is difficult to
achieve with fine features. The scraping tools used to remove support limit the ability to
remove the support material, and the identification of the exact location of support
material is difficult with fine features. Also, a complex feature is very difficult and time
consuming to clean by hand. The biggest limitation of this approach, however, is the
inability to create embedding features with any sort of three-dimensional complexity.
Thus, the need for developing AM systems that can selectively place embedding
materials within print layers is obvious. Overall, however, the results of the embedding
experiment show that the QD glow of the embedded QDs can be seen with naked eye

and that the embedding can be done without affecting surface finish of part.

Functionalization
Figures 2-6 and 2-7 contains images of functionalized and non-functionalized

QD-polymer mixtures under UV and visible light, respectively.
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(a) Non-Functionalized

(b) Functionalized

0.005 wt% > 0.5 wt%

Figure 2-6: Images of (a) Non-functionalized and (b) Functionalized QDs under UV
light

0.005 wt% —> 0.5 wt%

Figure 2-7: Images of (a) Non-functionalized and (b) Functionalized QDs under
visible light
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Concentrations ranging from 0.005 wt% to 0.5 wt% were deposited onto glass
slides, cured, and then imaged with a DSLR camera. The most noteable difference
between the functionalized and non-functionalized samples is the orange fluorescence
of the functionalized dots and the green fluorescence of the non-functionalized dots.
The reason for the change in color is not fully understood. The visibility of the different
colors, however, does not appear to differ. Thus, it can be concluded that
functionalization changes the color of the QD fluorescence but not the overall visibility to

the naked eye.

PUF Geometry and QD concentration
As shown in Figure 2-8 and 2-9 below, 6 concentrations of QD-doped

photopolymer were deposited in 3 different well depths:

Visible light

Figure 2-8: Image of Concentration and Well Depth Sample

36

www.manharaa.com




Increasing Concentration >

UV-light

& yidaq Buisealou|

Figure 2-9: Concentration and Well Depth Sample (matte setting, not polished)

The top-right sample well is of most interest because it glows the brightest under
UV light. This well corresponds to the shallowest of the 3 well depths but the highest
concentration of QD’s. Therefore, it can be concluded that higher QD-layer thickness

does not lead to better visibility, but that higher concentration does contribute to better

naked-eye visibility.

Surface Roughness Measurements

To understand the difference in resulting roughness between the surface
treatments, Roughness measurements were taken using SRG 4000 roughness tester,
and the results are compared in Figure 2-10 below. It can be seen that the matte finish
sample is considerably rougher than the glossy samples, with the roughness of the
glossy samples decreasing with both lacquering and polishing. Lacquering a glossy-

printed sample does not appear to be as effective as polishing the sample in reducing
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surface defects. This is probably due to the fact that lacquering is added via spray

deposition, and resulting surface coating is nonuniform.
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Figure 2-10: Roughness Averages (Ra) for Visibility Samples
Further exploration of the surface finishing should include polishing and
lacquering Matte printed parts. However, pursuing an optimized combination of printer

setting and surface finishing techniques is outside the scope of this dissertation.

Printer Settings and Post Processing

The visibility of the embedded QDs was investigated to see which surface finish
was best for seeing the QD fluorescence (under UV light) with the naked eye. The
imaging setup consisted of an 8-watt UV lamp and a DSLR camera, and the images
were taken in a dark room. Figure 2-11a shows all the same arrangement as in Figure

2-11b, but the latter is under UV light.
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Figure 2-11: Surface finishes of the samples can be seen in the reflection of light
(a) and the QD fluorescence can be seen under UV light (b)
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The four samples are aligned within a black and white fixture. In visible light
(Figure 2-11a), the fixture mounts appear black and the embedded QDs are brown.
Under UV light (Figure 2-11b), the embedded QDs glow in a reddish color. Examining
Figure 2-11b, it can be seen that the matte and glossy-polished samples have
noticeably less “white glow” than the glossy and glossy-lacquered samples.
Subsequently, the matte and glossy-polished finishes provided the better visibility of the
quantum dots under UV light than the glossy and glossy-lacquered samples. It is
hypothesized that the “white glow” is due to an over-cured layer that is present in the
glossy samples but was removed during polishing of one of the glossy samples.
Therefore, it can be hypothesized that over-exposure to UV light makes the QDs less

viewable under UV light.
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2.3.5 Microscopic Visibility Results

Functionalization

Figure 2-12 a and b are images taken with a fluorescent microscope of
functionalized and non-functionalized QDs with cured PolyJet resin, respectively. The
QD concentration is 0.5 wt% for each of these samples. Comparing these images it can
be seen that the functionalization had an impact on agglomeration. The points of light
created by the QDs in Figure 2-12a (functionalized) a visibly smaller than that of Figure
2-12b (non-functionalized). Thus, it can be concluded that the functionalization
decreases agglomeration of QDs dispersed in Polyjet polymer.

To completely eliminate agglomeration of the QDs within PolyJet photopolymer,
the QDs should be synthesized within the polymer itself or synthesized with the polymer
as it is being created. However, the presence of agglomerates is advantageous in this
application because the agglomerates are readily seen via optical microscopy while
individual QD nanoparticles are not. Furthermore, the diversity in particle diameters
adds to the complexity of the PUF and thus enhances its security. Thus, the
functionalization performed in this work helps avoid too many large agglomerates while
still maintaining diversity in agglomerate diameters.

Overall, the images in Figures 2-12 a and b reveal that the QDs are visible within
the PolyJet photopolymer and produce speckle patterns visible via microscopy. These
speckle patterns are the main, necessary characteristic of optical PUFs. Therefore,
Figure 2-12 demonstrates that creating PUFs is possible via mixing QDs with PolyJet

clear photopolymer and observing the speckle patterns via fluorescent microscopy.
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Figure 2-12: Fluorescent microscope images of (a) functionalized QDs and (b)

non-functionalized QDs of 0.5 wt%
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Print Settings and Post Processing

Figure 2-13 shows the four surface finish samples from Figure 2-11 under bright
field light with a 5X magnification. It was hypothesized that the increased surface
defects in the over-cured layer of the glossy and glossy-lacquered samples are what

caused the “white glow” previously described.

o " "im 500

a) Matte Print b) Glossy Print ¢) Glossy Print d) Glossy Print
Setting Setting Setting, Lacquered Setting, Polished
Figure 2-13: Samples with varying surface finishes investigated under bright field

microscope (5X magnification)

The images in Figure 2-13 reveal that the matte setting contains the most surface
defects, while the glossy print setting has the least. The glossy-lacquered and glossy-
polished samples in Figure 2-13 ¢ and d reveal a significant amount of surface defects
compared with the glossy print sample. The surface defects caused by lacquering are
due to small bubbles in the lacquer while polishing adds to the surface imperfection by

revealing the defects that lie below the surface of glossy-printed parts.
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After the matte images were taken, the matte sample was polished and then half
of the sample was lacquered according to PolyJet guidelines for clarity [1]. The surfaces

were also investigated via microscope and are displayed below:

0 um 500

a) Matte Print b) Matte Print ¢) Matte Print d) Matte

Setting Polished Setting Setting Polished Polished &
(Best Case) Polished & (Worst Case) Lacquered
Lacquered (Worst Case)
(Best Case)

Figure 2-14: Matte printed samples under various surface treatments

For Figure 2-14, images were taken at two different areas of each sample
section. Shown are two matte and two lacquer images (best and worst of each). It is
noted that the best of the lacquer sample is far better than any of the samples
previously imaged in that it has the fewest amount of surface defects. However, the
worst of the two lacquer images shows as much or more surface defects than the matte
polished sample. This variation in surface defects is attributed to the technique with
which the lacquer was applied: perhaps the application allowed bubbles remain on the

surface of the lacquer or perhaps the sample was not sufficiently shielding from dust
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particles during drying. Whatever the case, it can be concluded that with the best
technique of preparation and application, the matte printing finished that undergoes
polishing and subsequent lacquer-coating has the best clarity as determined by the lack
of surface defects in comparison with other samples.

As can be seen in Figure 2-15, the QDs are more visible under the matte finish
than the glossy finish. Although the polishing of a glossy-printed sample does provide
an almost equal amount visibility to that of the matte finish, the act of polishing itself is a
time and labor-intensive endeavor. Ideally, to produce adequate visibility of the quantum
dots, one could simply select the best setting on the printer, and no post-processing
would be needed. To investigate this possibility, the matte and glossy samples were

investigated under fluorescent microscopy and their visibilities were compared.

Subsurface Image Subsurface Image

um 500
Figure 2-15: Samples under fluorescent microscopy with a) glossy print setting

and b)matte finish print setting
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The significant observation to be made from Figure 2-15 is that the QDs are
visible under the glossy finish and not at all visible under the matte finish. Therefore,
although the fluorescence of the QDs are more visible with the naked eye under a matte
finish, the glossy finish is much better suited for providing a clear view of individual QDs
and agglomerates. Future work with fluorescent microscopy will include re-printing and
embedding the glossy samples discussed in this section, but avoiding the over-exposing
that occurred due to printing the matte sample in the same build.

Further investigation of the surfaces of each sample was performed via
microscopy and is discussed in the following section. Bright field microscopy images of
the surfaces of the previously described samples are analyzed and their contributions to

QD visibility are discussed.

Concentration

Samples ranging from 0.05 wt% to 0.5 wt% were imaged via fluorescent
microscope, and the resulting images are displayed in Figure 2-14 a-d. In each of the
images, a speckle pattern of QD agglomerates can be seen. As the QD loading
decreases, the speckle pattern becomes less dense. The most noticeable difference in
speckle patter density can be seen between the 0.5 wt% and 0.05 wt% concentrations
(Figures 2-14 a and d). Overall, the images reveal that QDs in as low as 0.05 wt%

concentrations can produce patterns suitable for the creation of PUFs.
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(©) (d)

Figure 2-16: Fluorescent microscope imaging of (a) 0.5 wt% (b) 0.2 wt% (c) 0.1

wt% and (d) 0.05 wt%

2.4 Conclusions and Roadmap

The work described in this chapter is focused toward determining suitable
concentrations of QDs within PolyJet media to produce visible fluorescence. The visible

fluorescence is chosen as the benchmark for concentration since QD PUFs should be
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detectable with the naked eye when illuminated by a UV lamp. Overall, the work in this

chapter is focused toward answering QQ1:

Qualifying Question 1 (QQ1): What concentration of QDs within PolyJet media is

necessary to provide readily visible fluorescence to the naked eye?

It was established in Section 2.2 that PolyJet polymers with at least 0.5 wt% QDs
fluoresce under UV light visibly to the naked eye. Thus, sample concentrations for
jetting and curing experimentation could be determined. Furthermore, processing
variables that can affect the visibility of QDs within printed PolyJet media were explored.
The visibility was investigated on both the naked-eye and microscope levels, addressing

QQ’s 1.1 and 1.2, respectively:

Qualifying Question 1.1 (QQ 1.1): How do production variables affect the visibility of

PUF patterns?

Qualifying Question (QQ 1.2): How do production variables affect the visibility of QDs

by the naked eye?

It was found that functionalization reduced QD agglomeration in 0.5 wt% loadings
(Figure 2-12) and affected the color of fluorescence to the naked eye under UV light
(Figure 2-7). As far as print setting and post processing techniques, it was found that
polishing samples produced the best smoothness (Figure 2-10), however, the glossy
finish (with no surface treatment) had the least amount of optical surface defects (Figure

2-12) Furthermore, varying PUF thickness and concentration showed that the highest
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concentrations and thicknesses do not necessarily produce the most visible
fluorescence (Figure 2-9). Most importantly, fluorescent microscopy revealed discrete
points of QD fluorescence characteristic of PUFs in samples where QDs were
embedded within PolyJet media. Overall, the results in this chapter demonstrate (1) the
feasibility of creating PUF patterns with QDs dispersed in PolyJet media, (2) that
printing settings and surface treatments have an effect on the visibility of the QDs on the
macroscopic and microscopic levels, and (3) concentrations up to 0.5 wt% QDs are
sufficient to produce fluorescence with the naked eye. Future work in the area of QD
visibility should include looking further into PUF geometry to determine the optimal
thickness and concentrations for visibility with and optical microscope; however, an
optimization of PUF geometry is outside the scope of this dissertation.

Thus far in the dissertation, the motivation for creating PUFs via PolyJet of QDs
has been described (Chapter 1) and the feasibility of viewing the QDs within the printed
PolyJet media has been verified (Chapter 2). Chapter 3 will describe the work
performed to address QQ2, which holds that the QDs must be ink-jettable in order to be
processed via PolyJet. Table 2-2 contains the roadmap for the dissertation, outlining the

research phases and goals associated with each chapter.
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Table 2-2: Roadmap
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CHAPTER 3 INKJETTING QUANTUM DOT-DOPED PHOTOPOLYMER

3.1 Introduction

PolyJet was chosen for the creation of PUFs due to its multiple material
capability and clear resin (Section 1.3). PolyJet uses drop-on-demand inkjet technology
to deposit photopolymer resin. As shown in Figure 3-1, drop-on-demand inkjet printhead
deposit drops of printing media by means of the following occurrences: first, the printing
media is supplied to the printhead chamber; second, a piezoelectric crystal receives a
pulse of voltage and expands to create a positive pressure within the chamber; third, the
positive pressure forces a small amount of the printing media out of the chamber

through the nozzle, creating a droplet with some velocity.

Piezoelectric

Actuator

Piezoelectric Actuato expands

creating
pressure in
chamber

Printing Media

Printhead Chamber

Printing media
enters chamber )

Nozzle Pressure in chamber

O forces droplet out

Figure 3-1: Diagram of a Drop-on Demand Inkjet Printhead
Adding particles to PolyJet printing media is likely to cause complications in the
inkjet deposition portion of the 3D printing process. These complications include mainly

nozzle clogging, but can also manifest themselves in the form of irregular droplet

50

www.manaraa.com



shapes that affect the accuracy of the build [1]. In this chapter, factors that affect inkjet

deposition will be explored toward answering Qualifying Question 2:

Qualifying Question 2 (QQ2): How do QDs affect the jettability of PolyJet media?

A literature review of the parameters that affect jettability and current work in
jetting of particles is presented in Section 3.2. From this literature review, it is found that
viscosity and surface tension are the main characteristics of a fluid that determines

jettability [1-3]. Thus QQ’s 2.1 and 2.2 are formed:

Qualifying Question 2.1 (QQ 2.1):

How do QDs affect the surface tension of PolyJet media?

Qualifying Question 2.2 (QQ 2.2):

How do QDs affect the viscosity of PolyJet media?

Measurements of surface tension and viscosity are taken using the procedures
described in Section 3.3 and the results of the measurements are presented in Section
3.4. Although conducting rheological characterization will determine whether the fluid
can be passed through an inkjet nozzle, the analysis of these properties will not reveal

how actual droplet formation is affected. Therefore, QQ 2.3 is formed:
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Qualifying Question 2.3 (QQ 2.3):

How do QDs affect the droplet formation of PolyJet media?

Demonstrating the feasibility of inkjetting QDs in PolyJet requires analysis of
droplet formation of QD-doped polymer via an inkjet test stand. The procedure for
creating and imaging inkjet droplets with the inkjet test stand is contained in Section 3.3
with the results reported in Section 3.4. Ultimately, the feasibility of successfully
inkjetting QD-doped polymer in the PolyJet process will be determined via rheological

calculations and analysis of inkjet deposition.

3.2 Literature Review

Because of the small size of the jetting chamber and the small diameter of the
jetting nozzle orifice (60 microns), the rheology of the printing media is significant.
Specifically, a highly viscous fluid and/or a fluid with a high surface tension would resist
flow through the nozzle to a degree that cannot be overcome by the piezoelectric
actuator. Similarly, if the surface tension of the fluid is too low, a splash of fluid will exit
the nozzle instead of a cohesive droplet. Because of these risks, adding particles into
inkjet printing media can affect the rheology of the media such that it is no longer ink -
jettable. Therefore, the goal of this study is to discover the effects of quantum dots on
photopolymer rheology and the associated jettability. Literature related to the effects of

particles on fluid rheology and jetting is reviewed in the following sub-sections.

52

www.manaraa.com



3.2.1 Rheology of Particle-Loaded Fluids

Prior research in nano-suspensions conclude that the primary rheological
properties that affect inkjetting are surface tension and viscosity [1-3]. Rheology affects
not only the jetting of the fluid, but the shape of the drop once it settles onto previously
deposited layers of the PolyJet build. This section details existing knowledge on the
effects of nanoparticles on the surface tension and viscosity of fluids.
Surface Tension

Surface tension is the force present at the interface of two fluids caused by the
attraction between similar molecules. Surface tension is significant in determining the
jettability of a fluid [1-3], and both the size and the concentration of the nanoparticles
matter when determining the effect of particles on the surface tension of a fluid [4].

Nanoparticles can affect the surface tension through many different mechanisms.
First, electrostatic forces between the nanoparticles cause attraction and contribute to
increasing the surface tension. Van der Waals forces, which are intermolecular, can
also cause an increase in surface tension [5]. In a study to determine the relationship
between surface tension and nanoparticle loading, it was found that, with increasing
concentration of nanoparticles, the surface tension of a fluid decreases, reaches a
minimum, and then increases. The theory that explains this phenomenon is based on
the assumption that particles accumulate at the interface between the liquid and gas [5].
Initially, as the particles increase in concentration, the cohesive energy between the
similar particles of the fluid at the surface is interrupted by the nanoparticles, which are
not similar to fluid particles and thus do not share attractive forces. As the concentration

of nanoparticles increases, however, more particles become present at the surface and
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Van der Waals and electrostatic attractive forces between the particles become
significant.

The size of the nanoparticle in the fluid can also affect the surface tension, and it
was found that larger particles created higher surface tension than smaller ones with the
same mass concentration. This is thought to be due to the increased number of
particles, that is, the same mass would contain a higher quantity of smaller particles
than it would of larger particles, and the higher number of particles would create a
higher number of “interruptions” between fluid particles at the fluid-gas interface and
thus lower surface tension [5].

With this knowledge of how nanoparticles affect surface tension, it can be
hypothesized that adding QDs to PolyJet photopolymer will decrease surface tension at
low concentrations and increased surface tension at higher concentrations. Analysis of
the actual effect of QDs on surface tension is presented in Sections 3.3 and 3.4.
Viscosity

The viscosity of a fluid is the fluid’s resistance to deformation. With a high
viscosity, the fluid has high resistance to deformation. A fluid with high viscosity
requires more energy to eject from an inkjet nozzle. Therefore, adding QDs to PolyJet
photopolymer could raise the viscosity to an amount that is unjettable, and the viscosity
of the fluid should be tested.

The general approach to calculate the viscosity of a fluid containing particle
loading under 0.01 volume fraction involves employing the Einstein equation, Equation
3-1[6]:

n,= 1 +25f (3-1)
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where n, is the relative viscosity and f is the volume fraction of hard sphere particles.
Whether or not Equation 3-1 is applicable to nanoparticles has been called into question
[7]. A study conducted with polystyrene nanospheres mixed into linear polystyrene
molecules (polymer) found that the nanoparticles actually decreased the viscosity of the
polymer (instead of increased as predicted by Equation 3-1). It was hypothesized that
this decrease in viscosity was caused by the nanoparticles significantly increasing the
free volume in the solution. In other words, since nanoparticles represent much less
“attached” volume than larger particles, the particles in the fluid slide past each other
more easily which results in lower viscosity [7].

Although the mechanism for decreased viscosity is surmised, the study admits
that the model does not account for other mechanisms that affect viscosity, such as
entanglement and enthalpic reactions, which are present when the nanoparticles and
the carrier polymer are dissimilar (as previously stated, the nanoparticles and the
polymer were both polystyrene) [7]. So, although this study shows that Equation 3-1
does not accurately predict the viscosity of fluids with nanoparticle loading, the equation
will be used as an estimate. Overall and in response to QQ2.2, Equation 3-1 reveals
that the viscosity should rise with increase in particle loading. Section 3.3.2 will describe
the methods used to measure the viscosity as well as an estimation of their theoretical
values based on Equation 3-1. The result of the viscosity measurements will be

discussed in Section 3.4.2.

55

www.manaraa.com



3.2.2 Inkjetting of Particle-loaded fluids

In addition to exploring the effects of QDs on the rheology of a fluid, answering
QQ2 requires understanding the effects of QDs on the droplet formation (QQ2.3).
Existing work in inkjetting of QDs and inkjetting of particles in general is presented in

this section.

Inkjetting with Quantum Dots

Many QD applications have benefited from the selective placement that inkjet
technology is capable of providing. Wood and authors have created pattern pixels for
flexible displays by printing QD’s in a solution via inkjet. The QD’s were suspended in a
solution of hexan, octane, and a polyisobutylene matrix material and delivered by a
thermal inkjet picofluidic dispensing system in 50-300 picoliter drop volumes. The result
was a flexible, electroluminescent, thin film with the layers of glass, indium tin oxide,
inkjet-printed QDs, and phosphor paste [8].

Tekin and coauthors used inkjet nozzles to deposit QD-doped photopolymer into
films to create a nanocrystal-polymer composite. A contribution from this paper includes
the addition of 1-2% volume ethylene-glycol to subdue the “coffee-stain effect,” that is,
how particles will migrate toward the outside of a droplet when introduced to a surface
(this is not favored when uniform distribution is desired) [9]. In a similar application,
Haverinen and authors dissolved QD’s in chlorobenzene to form their inkjet printing
media. Their choice of a low-vapor pressure liquid as the main fluid of the printing media
was also driven by the desire to also reduce the coffee-stain effect. The purpose of their

research was to develop a simple process for creating light emitting diodes [10].
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The approaches described above focused in the IJP of nanoparticles with
solvents and relatively non-viscous(< 5 centipoise), low-molecular weight polymers as
the carrier fluid [10-14]. These materials are beneficial for the creation of thin films.
However, AM materials, which include viscous (~20 centipoise), high-molecular weight
photopolymers (around 1 g/mL), are much better suited for forming nanocomposites into
sizeable macrostructures and offer better mechanical properties [15].

To summarize, the literature review conducted to identify existing knowledge on
the effects of QDs on the rheology or inkjetting of fluids revealed no findings. No
mention of solids loading, rheological properties, or challenges in printing the QD-doped
fluid were given in these works. It is assumed that, in the works presented, QDs were
added to printing media in such low concentrations that rheology and inkjet-nozzle
clogging were not considered. Thus, answering QQ2.3 will rely on knowledge in the

area of inkjetting of particles in general, which is discussed next.

Inkjetting with Particles

As previously stated, adding particles to inkjet media will change the rheology
(viscosity and surface tension) of the fluid and potentially render the fluid un-jettable.
This section focuses on strategies for predicting jettability based on measurable
rheological characteristics and current work in jetting fluids with particles and QDs.

Much work has been done in the area of micro-patterning nanoparticles toward
the development of polymer electronics, micro-optical components, complex
nanocomposites and others [16-20]. Inkjet printing is a particularly effective method of
patterning nanomaterials on the microscale. Nanomaterials incorporated into printing

media can be selectively patterned and can also be placed among other materials to
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form complex composites [21]. Brian Derby has provided an extensive review of work
related to inkjet of highly particle-loaded printing media [6]. His research has yielded a
model that suggests that the ratio of the square root of the Weber number to the
Reynold’s number called the Ohnesorge number (Oh, Equation 3-2), can dictate

printability.

one M (3-2)

v

where p is density, d is the nozzle diameter, y is surface tension, and u is viscosity.
Equation 3-2 suggests that the most important variables in predicting jettability are
viscosity, surface tension, density, and nozzle diameter. Derby cites that jettability
generally occurs when the inverse of the Ohnesorge number (1/0Oh) is less than 10 and
greater than 1. Equation 3-2 has been used to predict jettability of wax that is highly
loaded with sub-micron sized alumina particles for the creation of ceramic artifacts via
direct 3D printing [6]. Although disagreements exist about the accuracy of the
Ohnesorge number in predicting jettability [22], it is still considered a fundamental
equation in inkjet modeling [23].

In depositing ceramic-doped photopolymers, Derby cites the ability to jet fluids
with up to 40 vol% solids loading [23]. Since QDs are favored for the unique optical
properties and not mechanical properties, loadings much less than 40 vol % will be
needed. Furthermore, it was shown in Chapter 2 that QD concentrations as low as 0.2
weight percent produce sufficient fluorescence to be identified by the naked eye as well
as ample clustering of the particles visible to fluorescent microscopes. Equation 3-1

predicts that, for 1.0% volume fraction of particles, a 2.5% change in viscosity will be
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seen, which should not be significant enough to affect jettability. Thus, for the purposes
of creating PUFs, it can be predicted that the addition of QDs in sufficient
concentrations will not affect the jettability of PolyJet photopolymer. The methods used

to verify this hypothesis are described in Section 3.3

3.3 Analysis Methods

Thus far in Chapter 3, a literature review of the potential effects of particles on
rheology and jetting properties of fluids has been presented. This section (Section 3.3)
describes the analysis methods used in answering Qualifying Question 2 and the sub
questions QQ 2.1-2.3. First, Section 3.3.1 describes the procedure for measuring
surface tension of QD-doped PolyJet media of various QD concentration via
tensiometry to address the effects of QDs on surface tension (QQ 2.1). Second, Section
3.3.2 describes viscosity measurement of QD-doped samples in varying concentrations
via a rheometer, which addresses QQ 2.2. Finally, the experimental procedure for
testing the inkjet deposition of QD-doped polymer is described in Section 3.3.3 toward
answering QQ2. Table 3-1 outlines each QQ and the respective experimental method
and section in which the method is described.

Table 3-1: Qualifying Questions and corresponding Analysis Methods and Section
Numbers

Qualifying Question (QQ) Analysis Method Section Number
QQ 2.1: How do QDs affect the surface _ ,
Tensiometry Section 3.3.1
tension of Polyjet media?
QQ 2.2: How do QDs affect the viscosity
of Polyjet media? Rheometry Section 3.3.2
QQ 2.3: How do QDs affect the droplet Inkjet deposition and
formation of PolyJet media? |mag|ngsvt|:nlcri1kjet test Section 3.3.3
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3.3.1 Surface Tension

Surface tension was measured using the Wilhelmy Plate Method with a 20mm-
length aluminum plate. In this method, a small plate with a known surface area and
surface roughness is pulled through the surface of the sample fluid (See Figure 3-2
below). The resistance to this pulling motion is measured with a microbalance, and the

surface tension is calculated from this data.

Resistive Force
measured with
microbalance

A “Wilhelmy Plate” with
known surface area

and surface finish is
lowered into the fluid
and slowly pulled

upward
Figure 3-2: Wilhelmy Plate Method for measuring surface tension

Sample fluid is
heated to desired
temperature

The samples were heated to approximately 72 °C (Stratasys PolyJet printing
temperature) before taking the surface tension measurement. Seven samples were
measured three times each. The following concentrations were measured: 0.005, 0.01,
0.02, 0.05, 0.1, 0.2, and 0.5 weight percent (wt %). The results of the surface tension
measurements are discussed in Section 3.4.1.

3.3.2 Viscosity
Viscosity of each prepared sample was measured using an AR-2000 model

rheometer configured with a 40mm diameter, 2° angle rheometric cone. The sample is
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loaded onto a temperature-controlled base plate, and the rheometric cone is lowered
onto the sample at a precise distance from the base plate, sandwiching the fluid
sample. The instrument spins the cone, measures the resistance to rotation, and
calculates the viscosity from this measurement. Figure 3-3 below is a simplified

depiction of this instrument.

Rheometric cone

Temperatu re-controlled
base plate

Step 1: Rheometric cone s Step 2: Rheometric cone spins,
lowered onto fluid sample resistance to rotation is measured, and
viscosity is calculated

Figure 3-3: Viscosity measurement using a rheometer

The samples are measured at a temperature of 72 degrees Celsius and shear
rate of 10 sec™. This shear rate was chosen based on preliminary results that showed a
settling-out of the viscosity readings after this shear rate was reached. Just like with the
surface tension measurements, 7 samples were measured with 3 measurements per
sample. The same concentrations were used for viscosity measurements as was used
in the surface tension measurements (0.005, 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 wt% ).
The experimental results from these viscosity measurements are discussed in Section

3.4.2.
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3.3.3 Jetting

Because the jetting nozzle is small (60 micron diameter on a Stratasys Connex
350), the fluid properties of the printing media significantly affect the ability of the
printhead to eject droplets. Viscosity or surface tension that is too high can prevent
droplet ejection or even cause nozzle clogging. Thus, it is necessary to perform the
jettability calculations discussed in Section 3.2.2.

Upon predicting that the QD-doped polymer was within the jettable range of the
1/0h number (Section 3.4.1), an inkjet test stand (MicroFab Technologies, El Paso, TX)
was used to observe droplet formation. As shown in Figure 3-4, the test stand setup
consists of a single, 60 micron inkjet nozzle, a fluid reservoir, pressure and temperature-
regulating electronics, and a strobe and coupled camera, which images the jetted fluid.
The fluid reservoir on the jetting apparatus contains external heaters that were used to
heat the nozzle and reservoir to the photopolymer printing temperature (72 °C). The
reservoir also regulated to maintain a slight vacuum to prevent the fluid from freely
falling through the nozzle.

In the reservoir, the fluid passes through a 7 micron filter before entering the
nozzle chamber. A pulse is created in the nozzle via a cylindrical piezoelectric crystal
that surrounds the glass tubular nozzle, and a droplet is forced out of the nozzle.
Images are then taken of the droplet as it exits the chamber via a strobe and camera
that are synced with the jetting piezoelectric crystal.

Because of the very small solids loading of QDs (0.5 wt% and lower) and
because of the literature review citing much higher solids loading being jettable (up to

40% solids loading) [23], it is hypothesized that inkjet droplet formation of the QD-
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doped, PolyJet photopolymer will not differ significantly from droplet formation of plain
PolyJet photopolymer. The results of the inkjet deposition trials will be discussed in

Section 3.4.3.

Heated
Reservoir

Strobe

Figure 3-4: MicroFab Inkjet Test Stand

3.4 Results

Thus far in Chapter 3, a literature review has been presented and the methods
have been described toward addressing QQ’s 2.1, 2.2, and 2.3. These QQ’s deal with
the effects of QDs on surface tension, viscosity, and droplet formation via inkjet. Section

3.4 will describe the results of the characterization and their impact on the QQs.
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3.4.1 Surface Tension

Three samples were measured via tensiometry for QD concentrations ranging
from 0.005 wt% to 0.5 wt%. Results of surface tension measurements are reported in
Figure 3-5. The QD concentrations are reported in weight percent (wt%) on a
logarithmic scale (x-axis) against the values for surface tension (y-axis), reported in
milinewtons per meter (mN/m). The deviation of surface tension values measured for
pure PolyJet polymer are reported in the grey band in Figure 3-4 and range from
approximately 20.25 to 20.75 mN/m.

The data in Figure 3-5 reveals that the addition of QDs in 0.5 wt% did cause a
significant increase in surface tension. Calculations to predict the impact of this increase

in surface tension are discussed in Section 3.4.3.

24.00
£ 23.50
S 23.00 =o—Surface
E 2250 \T/Zfr‘;fg at
'% 22.00 /* Concentrati
o 21.50 X ons of QDs
: 21.00
g 20.50 Pure
£ 20.00 T Polymer
® 19.50

19.00 : : —_— : —_—

0.005 0.01 0.02 0.1 0.2 0.5

Mass Concentrations of QD's ( wt%)

Figure 3-5: Surface Tension of and Varying Concentrations of QD's
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3.4.2 Viscosity

For the viscosity measurements, three samples were measured from each test
concentration at a shear rate of 10 seconds™ and the printing temperature of the Objet
Connex, which is 72 °C. Using Equation 1, it is predicted that adding 0.5 wt% QDs to the
control polymer will increase the viscosity by 0.23%. Experimental results showed an
average of 0.15% increase in viscosity, with the average measured viscosity of the
control polymer and the suspension with the highest QD loading (0.5 wt%) being
0.01982 + 0.0012 Pa+s and 0.01985 + 0.0015 Paes, respectively. Figure 3-6 shows one
standard deviation from the average viscosity (of 3 samples each) collected for pure
polymer highlighted in grey. As shown, the average viscosity for all sample
concentrations lies within one standard deviation from the average viscosity found for
pure polymer. Although an increase average viscosity can be seen for the 0.02 wt%
sample, the overlap of the error bars signifies that there is no significance in this higher

average value.

0.023

0.022 T —o—Viscosity at
9 0.021 + + Varying
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20.019 |
8 0.018 | L | Pure
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~ 0.017

0.016

0.015 } | — | } —
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Mass Concentrations of QD's ( wt%)

Figure 3-6: Viscosity of QD's + Photopolymer
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3.4.3 Jetting

The ability to create droplets via inkjet is predicted by Equation 3-2 [6]. For
nozzle diameter of 60 microns, a fluid density for VeroClear of 1.08 g/ml, and with the
rheological experiments reported in Section 3.4.1, the inverse of the Ohnesorge number
(1/0h, Equation 5) was found to be 1.75 for pure polymer and range from 1.75 to 1.92
for the varying concentrations of QDs. Figure 3-7 below contains a plot of the resulting

1/0h values.

24

2.2

1.6

1.4

1/ Ohnesorge Number

1.2

0.001 0.01 0.1 1
Mass Concentrations of QD's (%)

Figure 3-7: 1/Ohnesorge number for each QD concentration, calculated from

surface tension and viscosity data.

As seen in Figure 3-7, the value for 1/Oh varies between the values of 2 and 1.6.
Since 1/0Oh is within the printable range (less than 10 and greater than 1) for all
concentrations, it can be concluded that the addition of QDs at such low concentrations

does not shift the rheology of the photopolymer out of the printable region.
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After verifying via jetting calculations that the QD-doped PolyJet photopolymer is

jettable, jetting tests were performed with an inkjet test stand (Figure 3-3). Jetting

images were taken with varying voltage and dwell settings as shown in Figures 3-8a

and b below. The data for 0.5 wt% sample was imaged since this concentration had the

largest deviation from pure polymer rheological measurements (Figure 3-4) and thus the

highest probability that jetting abnormalities would be seen. In the pulse profile sent to

the piezo in the inkjet nozzle, voltage governs the energy behind the pulse and the dwell

setting governs the duration of the pulse. These two parameters are typically varied to

determine the waveform that produces optimum droplets in terms of volume, shape, and

velocity [20]. Figure 3-8 contains the imaging data collected for a range of voltages

verse dwell values for pure polymer and 0.5 wt% QD polymer.
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(a) Pure Photopolymer

(b) 0.5 wt% QD's in Photopolymer

Figure 3-8: Images of (a) pure photopolymer and (b) with 0.5 wt% QD’s - drops

formed for varying values of voltage and dwell
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Figure 3-8 contains an array of drop images created using varied voltage and
dwell settings. All images in Figure 3-8 were taken at a jetting frequency of 600 hertz
and at 200 microseconds after the beginning of the pulse. At the top of each droplet
image is the tip of the inkjet nozzle, which used as a reference point for the images.
Comparing the individual drop images, it can be seen that some drops are farther away
from the nozzle than others. A drop that is further from the nozzle has a greater velocity,
and increased droplet velocity is a function of the input voltage to the piezo. The
structure of the drop consists of the drop and the tail, the drop being the circular, front
end of the fluid mass, and the tail being the fluid that trails behind the main drop mass.
As dwell increases, the tail becomes shorter and eventually recedes into the drop mass.
However, due to the interaction of the fluid with the ejection pressure wave, some tails
separate from the drop mass to form satellite drops, as prominently shown in Figure 3-
8b for a dwell of 20 microseconds (first column).

Measurement of the drop masses and velocities were attempted, but meaningful
results could not be obtained with the test stand software. In other words, Therefore,
qualitative assessment of the images is needed to determine the impact of QDs on
droplet formation. Upon comparing Figure 3-8 a and b, some differences between the
pure polymer droplets and the QD-doped droplets are noted. First, the drop volumes for
the QD-doped polymer are visibly smaller than for pure polymer, which can most clearly
be seen by observing the difference in the tail thickness between the two. Also, for two
settings of voltage and dwell (20 volts, 20 and 30 microsecond dwell times), the QD-

doped polymer succeeds in droplet ejection while the pure polymer does not.
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Sources of variation in the imaging include contrast settings, brightness of the
backlit LED (this tended to waver over time), and pressure irregularity in the reservoir.
These sources of variation within the test stand setup itself created a challenge in
producing consistent results, and although the difference may seem significant, these
results are within the observed typical variation of the jetting device when jetting this
particular polymer. An example of a significant difference in the pure polymer and the
QD-doped polymer would be the complete inability to eject droplets at any one of the
data points taken. Since droplets were formed with QD-loaded polymer for the majority
of settings for which pure polymer produced droplets, it can be concluded that the jetting
characteristics of the photopolymer is not significantly affected by the presence of
quantum dots in up to 0.5 wt% concentrations.

Figure 3-9 contains overhead images of deposited QD-doped inkjet droplets in
0.5 wt% QD loading under (a) visible light and (b) UV light. In contrast to Figure 2-7 that
shows an even distribution of QDs for QD-doped polymer embedded in PolyJet build
geometries, Figure 3-8 reveals evidence of some migration of the QDs into groups
within the ink jetted droplets. This phenomenon can be explained by the aforementioned
“coffee stain” effect, which is the migration of particles within droplets due to surface
tension effects [10]. However, individual QD agglomerates and patterns characteristic of
PUFs can be distinguished within the droplets. Overall, the evidence in Figure 3-8
validates the feasibility of inkjet deposition of QD-doped PolyJet photopolymers for the

purpose of creating PUFs.
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Figure 3-9: Overhead image of inkjet drops of Quantum Dot-doped
photopolymer deposited onto a substrate shown under (a) visible light and
(b) UV light

3.5 Conclusions

The focus of this chapter was to address Qualifying Question 2:

Qualifying Question 2.1 (QQ 2.1):

How do QDs affect the surface tension of Polyjet media?

A literature review was performed to the required rheological properties for jettability,

and rheological measurements were performed. It was found that surface tension and
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viscosity are the primary rheological characteristics that govern jettability. Thus, QQ’s

2.1 and 2.2 were formed:

Qualifying Question 2.1 (QQ 2.1):

How do QDs affect the surface tension of PolyJet media?

Qualifying Question 2.2 (QQ 2.2):

How do QDs affect the viscosity of PolyJet media?

Viscosity and surface tension measurement were taken from QD-doped PolyJet
poly of varying QD concentrations. Calculations were made based on the measured
rheological properties, and from these calculations the determination was made that the
QD-doped PolyJet photopolymer would be jettable in concentrations in at least as much
as 0.5 wt%. Jetting was then performed for this concentration, and it was determined
that no significant difference in jetting performance could be seen between the pure and
the 0.5 wt% QD-doped PolyJet photopolymer. Therefore, it can be concluded that
adding QD’s in up to 0.5 wt% should have no significant effect on the jetting quality of
the PolyJet process. Finally, the deposited inkjet droplets in Figure 3-7 reveals that QD
agglomerates can be seen in distinguishable patterns characteristic of PUFs. The work
presented in this chapter was published in the peer-reviewed journal, Advanced

Engineering Materials [24].
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3.6 Roadmap

Thus far in the dissertation, Qualifying Questions 1 and 2 have been addressed
in Chapters 2 and 3, respectively. In Chapter 2, the visibility of discrete points of QD
fluorescence were investigated as well as possible strategies for improving visibility of
the printed PolyJet media. In Chapter 3, the jettability of the QDs was predicted in the
form of rheological measurements and jetting calculations. Jettability of the QD-doped
fluid was also demonstrated experimentally via a single nozzle inkjet test stand.
Chapters 4 and 5 of this dissertation will investigate how QDs affect the photocuring of

the AM resin toward answering the Primary Research Question.

Primary Research Question: How do QDs affect the photopolymerization of PolyJet

resin?

A roadmap of this dissertation is provided in Table 3-2.
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Table 3-2: Roadmap
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Pﬁ::: c Chapter Goals
2
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£ /a3 &
c
Qo ) . .
B ~ Chapter2 Synthesize literature related to the
o> c V|5|b|||ty_ of Quantum Qualifying Questions
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€N o = Media (QQ1 .
% ol edia (QQ1) Perform  Experiments to address
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T < (2 LIEJ‘ Chapter 3
3 2 o § Inkjetting with Draw Conclusions to address Qualifying
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2 = € E PolyJet Media
S s S (QQ2)
mMw £ o
4 Chapter 4 ; ;
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Literature Review of Pri R hQ fi
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ization Theory, _ o _
Proposed Identify gaps in existing literature that
\_ Theoretical Model ) prevent answering the research question
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Q
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CHAPTER 4 THE ROLE OF LIGHT SCATTERING IN

PHOTOPOLYMERIZATION

Thus far in the dissertation, the visible and rheological properties of Quantum
Dots (QDs) within PolyJet photopolymer have been examined to demonstrate the
feasibility of incorporating QDs within the PolyJet process. In Chapter 2, it has been
shown that QD agglomerates can be seen via fluorescent microscopy in patterns that
could be used for creating Physical Unclonable Functions (PUFs). In Chapter 3, it was
shown that QD-PolyJet photopolymer mixtures can be processed via inkjet without
noticeable affects toward inkjet droplet formation. This chapter will focus on the final
step in the PolyJet process, photopolymerization, to guide the development of a

hypothesis for the Primary Research Question:

Primary Research Question:

How do QDs affect the photopolymerization in an AM context?

QDs have the potential to affect the photopolymerization process in two different
ways. First, the QDs may extinguish the light energy exposed to the photopolymer via
absorption or scattering as is typical of particle behavior. Second, the QDs may play a
role in photopolymerization due to their unique ability to transform light energy from one
wavelength to another. To understand the potential roles of QDs in photopolymerization,
a review of prior work in photopolymerization modeling is presented in this chapter.
Table 4-1 below summarizes the topic combinations investigated and the corresponding

sections of this chapter.
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Table 4-1: Topics covered in the Literature Review

General Add't've. Theoretical
Applications Manufacturing Modeling
Applications
QDs in Section 4.1.1 Section 4.1.2 Research Gap
Photopolymers
Particles in Section 4.1.3 Section 4.2.3
Photopolymers
Particles in Section 4.2.2

Transparent Media

Sections 4.1 and 4.2 describe relevant applications and theoretical models,
respectively, while Section 4.3 contains the proposed hypothesis based on the
presented information. Overall, this chapter will summarize existing knowledge related
to the effects of particles and QDs on photopolymerization and a hypothesis for the

effects of QDs on photopolymerization based on the literature review will be presented.

4.1 Processes with Particle Loaded Photopolymers

Relevant applications have been pursued in areas dealing with film casting QDs
in photopolymers, micropatterning with QDs in photopolymers, and Additive
Manufacturing (AM) processes utilizing particles and photopolymers. This section will
summarize progress made in these applications and identify information relevant to
answering the Primary Research Question.Section 4.1.1 details current applications
utilizing QD-photopolymer including film-casted optical electronics, which focus primarily
on the optical performance of the QDs within photopolymers. Section 4.1.2 deals with
producing microfabricated optical electronics from QDs and photopolymers, and these
applications focus primarily on improving the ability to pattern QD’s for the purpose of

creating electrical components.
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Finally, Section 4.1.3 details current AM processes that utilize particles and
photopolymers, and the theoretical models developed in these applications will be noted

and discussed in further detail in Section 4.2.

4.1.1 Quantum Dot Behavior in Photopolymers

Many electrical applications benefit from the compact energy transformation that
QDs are capable of providing. Additionally, photopolymers are widely used in the areas
of electronics due to their near-instantaneous solidification. Thus, QDs have been
introduced into photopolymers for the creation of micro-LEDs, micro-sensors, data
storage devices, and photovoltaics. Characterization of quantum dot behavior within
photopolymers has been well researched in the area of optical data storage and optical
sensing [1-8]. Li and authors have drop-casted eraseable, thin-film data storage devices
using a QD-doped photopolymer and were able to reduce flouresent power as well as
change the refractive index of the QD-photopolymer mixture. The authors report that
this is the first attempt at creating “erasable multimode three dimensional (3D) bit optical
data storage in a CdS QD-doped photorefractive polymer [9].”

Jorkaala and Stennenen have investigated the optical properties of ZnSe QDs
within polyvinyl alcohol photopolymer and have concluded that the nanocrystals
increase optical output when temperature is decreased [2]. Lui and authors reported
that by controlling the spacing between the QD’s via holographic assembly, the
defraction efficiency of the photopolymer/QD solidified mixture can reach 100 percent.
This enables the creation of centimeter-sized, transmission Bragg gratings, a type of
photosensor, which they created by casting QDs dispersed in photopolymer into films

[4]. These are just a few of many efforts to study the interaction between quantum dots
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and photopolymer in the cured state for use in photosensing and optical data storage [1-
8].

To differentiate these works from the work in this dissertation, it must be noted that
the focus of these works was to characterize the behavior of QDs within cured
photopolymer; the authors did not consider the effects of QDs on the curing process.
Thus, prior art in creating optical components does not fully intersect with the goal of
this dissertation. However, these works constitute the most applicable knowledge in the
area of QDs in photopolymers and further illustrate the gap in theoretical modeling of

the effects of QDs on photopolymerization.

4.1.2 Quantum Dots 3D Microfabrication

Sun and authors have successfully created 3D microstructures out of Cadmium
Sulfide (CdS), Quantum Dot-doped photopolymer composites via two photon
polymerization [10-11]. Their method of fabrication involves patterning light energy via
laser onto a build stage which is slightly submerged below the surface of a vat of a QD-
photopolymer mixture. Once the layer of polymer above the stage is cured, the stage
lowers further into the vat of resin, and the next layer is cured on top of the first layer.
The process continues until all layers have been created. The microstructures created
in the work by Sun and authors include log-piles, the geometry of which is tuned for
maximum photoluminescence, and the famous 3D microbull and microlizard (famous
among micro stereolithography research). The artifacts created have a build envelope
on the order of 10 microns and have feature sizes on the order of half a micron. Similar
work with lithography of QD-doped photopolymer reveal features sizes as small as 2

microns [12].
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In Sun and authors’ work, the Cadmium Sulfide (CdS) QDs are created in situ in
a polymer matrix, meaning that QD precursors are mixed among the photopolymer
precursors, and the photopolymer and QDs are chemically synthesized together.
Applications targeted by Sun and authors’ work are currently limited to micro-3D optical
displays. The focus of Sun and authors’ work is to narrow the particle size distribution of
the CdS nanoparticles during the synthesis. By narrowing the size distribution of the
particles, a narrower emission spectrum can be achieved, which would result in higher
emission intensity at the resulting emission bandwidth.

To differentiate the contributions of Sun and authors’ work and the work
presented in this dissertation, the goals of each must be examined. First, the goal of this
dissertation is to contribute knowledge toward the creation of PUFs in PolyJet builds.
With the goal of creating PUFs in mind, variation in the size distribution of the QD
agglomerates is desired. Such variation would add complexity to each PUF and ensure
visibility of at least the larger agglomerates under a fluorescent microscope.
Furthermore, a goal of this dissertation is to propose a process in which QDs can be
added to an already commercially available photopolymer, which is suitable for PolyJet
equipment. An in-situ synthesis of QDs within a photopolymer suitable for Polyjet would
be a good focus for future work but is outside the scope of this dissertation.
Furthermore, the major goal of this dissertation is to contribute knowledge toward the
characterization of the effects of QDs on photopolymerization. While Sun and authors
do achieve 3D structures out of QD-photopolymer composite material, characterization

of the photocuring process was not undertaken.
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4.1.3 Particles in AM Photopolymers

Photopolymers used in Stereolithography (SL) constitute one of the original AM
processes developed in the 1980’s. SL is an AM process that utilizes an ultraviolet (UV)
laser in conjunction with a build platform which lowers into a vat of photopolymer with
each layer of the build (See Chapter 1). Particles can be added to SL photopolymer to
create composites, and most commonly added to SL media are ceramic powders for the
creation of load-bearing members and casting molds. First, the powder is mixed into the
SL resin with some dispersant and other additives to create a suspension. After adding
the slurry to the SL vat, the build platform is lowered just below the surface of the slurry,
and a wiper blade coats the build platform. Next, the UV laser cures the layer of slurry
into the desired two dimensional shape, the build platform lowers and gets recoated,
and the process continues until the part is completed. What is removed from the vat is
considered a green part, which is afterward processed in a furnace to burn out the
polymer and sinter the ceramic particles. Sintering involves heating the particles just
below their melting temperatures so that the particles begin to fuse but do not flow.

Ceramic powders have been added to SL resin in as much as 60 volume percent
(vol%) [8-13]. Alumina powder as well as silicon nitride have been added to SL resin to
create structural objects while silica is added to SL resin to create molds for casting
applications [9]. Studies on the effect of powder on stereolithography focus on the
effects of opacity [15], on the effects of high index of refraction of the powders [16-18],
and on the general curing behavior of the SL resin with the addition of the ceramic
powders. Theoretical models developed during these investigations will be discussed in

Section 4.2.
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4.2 Theoretical Frameworks for Photopolymerization with Particles

Thus far, applications involving photopolymerization with particles have been
discussed in absence of their theoretical models. This section will discuss general light
scattering by particles theory, general models for predicting light scattering by particles,
and current models for describing photopolymerization with particles. First, the
discussion of general light scattering theory will include the types of light scattering and
scattering which is present in QDs. Second, general mathematical models related to
light scattering by particles will be presented, and the main components of the models
will be noted. Finally, current theoretical models that describe photopolymerization will
be presented along with models that include the influence of particles on

photopolymerization.

4.2.1 Introduction to Light Scattering

Types of Light Scattering

Particle matter responds to light energy by absorbing, reflecting, or scattering it.
Fundamentally, the physics of the reaction is determined by the fate of the light photons
that strike the matter [19-21]. If the light energy is absorbed, the photon is turned into
some other form of energy, such as thermal energy. A reflected photon simply bounces
off of the particle matter and away from the particle’s medium. A scattered photon,
however, gets it trajectory altered and remains within the medium in which the particle
resides. Since, technically, light energy does not terminate within the particle itself when
absorbed, but rather it is converted into another type of energy, the light is never truly

absorbed but rather ends up being scattered into some form or another. Therefore, the
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terms “absorbing” and “scattering” are both referred to as “scattering” in the literature
[33].

Scattering can be elastic or inelastic depending on whether the photon’s energy
is conserved or not. Raman scattering is an inelastic type of scattering in which the
photon loses or gains energy and actually undergoes a wavelength shift into a higher or
lower frequency of light [21, 34]. Two types of Raman scattering occur: when a longer
wavelength shift occurs, it is called a Stokes shift, while the contrary is called an anti-
Stokes shift [35]. Elastic scattering of light by particles is dependent on particle size.
Rayleigh scattering occurs when the diameter of the particle is small in comparison with
the wavelength of light it is scattering, and Mie scattering occurs when the particle
diameter is much larger than the wavelength of light. Rayleigh scattering is wavelength
dependent, and spectral transmission analysis will result in an asymptotic relationship
between wavelength and absorbance [37]. Thus, analysis of a suspension’s spectral
transmission via spectrophotomer will provide information on the dominant scattering

mechanism. This critical experiment is described in further detail in Chapter 5.

Scattering by Quantum Dots
Raman scattering occurs in QDs and, Stokes-shifting is the mode in which QDs
convert UV light into visible light [36]. However, due to the inability a QD to
accommodate a finite number of photons, Raman scattering contributes a very small
portion of the total scattering that occurs in a QD-doped medium. Therefore, other
scattering mechanisms must be considered when predicting QD light scattering.
Understanding the interaction of QDs and light energy requires some background

knowledge in electron energy states. First, a QD is a semiconducting material, which
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has electrical properties between that of a conductor and an insulator [19, 22]. The
difference between a semiconductor, conductor, and insulator is due to the energy gap
between the valence and conduction electron bands in these materials [23]. The
valence band is where electrons typically reside but can be excited into the conduction
band with enough energy [24]. The result of exciting an electron into the conduction
band is electrical conduction. For an insulator, the gap between the conduction and
valence band is large, and the resulting energy required to excite an electron into the
conduction band is also large. In contrast, the valence and conduction bands of a
conductor overlap, allowing free movement of electrons into the conduction band with
little excitation. A semiconductor, therefore, has an intermediate-sized band gap that
results in both insulating and conductive properties, depending on the amount of
incident excitation energy [25-26].

In addition to electrical behavior between that of insulators and conductors, QDs
also have excitation properties between that of bulk material and atoms. QDs get their
name “quantum” from these properties, meaning that they are of the size for which
quantum effects are present [3, 20-22, 27]. More specifically, whereas electrons in bulk
material can travel in all three dimensions, the electrons in quantum dot energy gaps
are confined in all three spatial directions, resulting in a discrete, quantized spectrum of
energy [28]. This discrete, quantized energy spectrum is what causes the size-
dependent fluorescence of QDs and the larger the particle, the lower the fluorescent
energy. Thus, the smaller QDs emit the high-energy blue light while the larger QDs emit

the low-energy red light [22].
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QD fluorescence occurs due to excitation of valence electrons into higher energy
bands and then subsequent photon emission from the electron returning to the lower
energy state. Excitation of QDs can be instigated by electrical charge or an optical
charge; most commonly, the energy from UV light is used to cause QD fluorescence.
Just as the fluorescence of a QD has a narrow band of emission, the absorption of a
QD has a narrow range of light that is absorbed. Consequently, the diameter of a QD
can be determined by observing the absorption spectrum of the QD [29]. For example,
a QD with a diameter of 4.5 nm will show absorption and resulting excitation peak at
600 nm wavelength, while a QD with a diameter of 2.1 nm will peak at 498 nm
wavelength [28,30].

QD excitation characteristics become significant when it becomes possible for
excited QD particles to interact with the ingredients in photopolymers [13-14].
Photoinitiators are a main ingredient in photopolymers and produce free radicals when
excited by a photon of a certain wavelength of energy. Certain sizes of QDs can absorb
the photons needed by photoinitiators, which would result in impeded
photopolymerization. Barichard and authors have used holographic techniques to
determine the role of red QDs in the polymerization process in combination with a co-
photoinitiator. Comparing tests with and without the co-photoiniator, they found that
QDs can serve as a photoinitiator but are not very effective in this role. Furthermore, the
QDs can only serve as a photoinitiator when a tertiary amine is present, which is a
particular type of monomer. In summation, the findings of Barichard’s work reveal some
involvement of the QDs in the polymerization process but do not attempt to model the

involvement.  Thus, developing a model to predict the influence of QDs on
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photopolymerization must rely on general light scattering theory as well as current
theory in the influence of particles on AM photopolymers.

Although no photopolymerization studies have been conducted specifically with
PolyJet photopolymer, Barichard and authors noticed a decrease in the curing rate of
photopolymer due to the presence of QDs [13-14]. The physico-chemical role of the QD
in the inhibition of photopolymerization in grated sensors was the main focus of their
work. They found that QDs can serve as photoinitiators, but are very weak compared to
typical compounds used for this purpose. The conclusion of the study revealed that the
co-initiators are supposedly becoming trapped on the surfaces of the QDs, which
reduces the polymerization rate.

Barichard’s recent findings mark the first investigation of the relationship between
QD particle loading and photopolymerization rate. Although a trend can be seen in the
data, a mathematical model has not been produced to characterize this relationship.

This research gap guides the scientific contribution of this dissertation:

Scientific Contribution:

Answering the Primary Research Question by predicting the effect
of QDs on photopolymerization will contribute new knowledge to the
area of QD-loaded photopolymers. Developing a theory to predict the
effects of QDs on photopolymerization will serve applications
involving sensing, displays, and composites in addition to creating

PUFs via PolyJet.

84

www.manaraa.com



4.2.2 Light Extinction Theory

QDs may inhibit photopolymerization by preventing the exposing light from
reaching critical photopolymer components. As opposed to the chemical role QDs may
play in photopolymerization, the interference with the incident light may be treated as a
general light scattering scenario. The Beer-Lambert Law empirically describes the
extinction of light as it passes through a medium and can be expressed most generally
in the following differential form [31-32, 38-40]:

Loy (4-1)

where [ is light intensity, z is the direction in which the light is traveling through

the medium, and y is the extinction coefficient. The relation maintains that the change

in light intensity in a medium as a function of depth depends on the product of the

incident intensity of the light and the absorbing characteristics of the medium. If there is

no change in the medium as a function of depth (z), then the Beer-Lambert equation
can be integrated into the following form:

I(z) = I,exp(—yz) (4-2)

where Iy is the incident intensity of the light source. The extinction coefficient y is the

operating term in Equation 4-2 and is discussed in more detail in the next section.

Extinction Coefficient
Defining the amount of light absorbed within a media lies with defining the
extinction coefficient, y, of the media. The general form of the extinction coefficient for

particle-doped media is as follows [33]:
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y = f 772 Qo N(r)dr (4-3)
0

Where nr? is the particle cross section, Q.. is the extinction efficiency factor, N(r) is
the number of particles per unit volume, and r is the average particle radius. Thus, the
extinction coefficient takes into account particle size, concentration, and extinction
efficiency. Combining the product of the number of particles per unit volume with the
cross-section of a particle (nr?) from Equation 4-3 constitutes what is known as the
extinction cross section. The extinction cross section and the extinction efficiency factor

will be discussed in the following sections.

Extinction Cross Section

Particles dispersed within a media have a cross section with respect to the
incident light that directly influences the scattering efficiency of those particles. The
cross section is the 2D area of the particles from the perspective of the light source and
is reported as a percent of the total cross sectional area of the particle-doped media
[33,41]. From the terms in Equation 4-3, the extinction cross section is shown in
Equation 4-4:

extinction cross section = j r2N(r)dr (4-4)
0

where, as previously mentioned, r is the particle radius and N(r) is the number of
particles per unit volume. Taking an average radius and converting the number of
particles per unit volume (N (r)) to volume fraction,¢, the extinction cross section can be

simplified to Equation 4-5:
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3
extinction cross section = 4—¢ (4-5)
r

From this point forward in the theoretical models in the literature, the particle radius term
is converted to the particle diameter, d. By converting radius to diameter, converting
volume fraction to weight percent (wt%), and taking the simplified extinction cross
section from Equation 4-6, the extinction coefficient can be simplified to Equation 4-6
[38]:

_ 3PmediaWt%Qext (4-6)
prarticled

This form of the extinction coefficient is the form that is typically used in simplified
scattering models. While the extinction cross section component is straight-forward,
determining the extinction efficiency term, Q.,: requires some understanding of the
scattering mechanisms present within the media. Determining the extinction efficiency

term will be discussed in the following section.

Extinction Efficiency Term, Q
The extinction efficiency term is the primary means of predicting a medium’s
ability to absorb or scatter light. The efficiency term includes both scattering and
absorbing efficiency (Equation 4-7):
Qext = Qsca T Qabs (4-7)
Thus, to determine the full coefficient, the type and amount of scattering and
absorption must be determined. For particles that are much larger than the wavelength
of light passing through, Mie theory best dictates the scattering efficiency. The general

formula for Mie scattering is shown in Equation 4-8 [33]:
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4 (4-8)

4
Where p is defined as follows:

2md ]
nd (4-10)
Ao

p:

with d being the particle diameter, 1, being the incident light wavelength, and An being
the different of index of refraction between the particles and the media. Equation 4-9
covers the whole domain of p and produces a dampened sinusoidal curve, the
maxima’s of which are used to determine the optimum p values to achieve extinction.
Simpler equations for specific boundary conditions have been formed for the
scattering efficiency coefficient [33, 43]. Since the work in this dissertation is focused on
a specific particle diameter (d), incident wavelength (1,), and difference index of
refraction of the QDs and the photopolymer (An), simpler equations selected by the
boundary conditions may be used to formulate the scattering efficiency term, Q. These
boundary conditions are characterized by two parameters, the ratio of particle diameter
to incident light wavelength, x, and the difference in index of refraction between the
particles and the medium (An). These two parameters are defined as shown in

Equations 4-11 and 4-12.

2md (4-11)
X =
Ao
An = Nparticles — Nsolution (4-12)

The index of refraction term is defined as An = ny,4,ticie — Nmeaia- The ratio of the

particle size to the wavelength of light is called the size parameter where r is the radius

and 1 is the wavelength. Once An and x are determined, Q.,; can be determined from
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existing extinction coefficient formulas. The parameters x and m are mapped into a

diagram of boundary regions as shown in Figure 4-1.

0 x 0

32 Rayleigh-Gans
o 2.4
Q= 27m X

Rayleigh
Scattering \

An
[\
=
*
3

\ Large spheres

Total reflector

Figure 4-1: Boundary regions for extinction coefficient [33, 43].
Within Figure 4-1, three main parameters create the divisions in the boundary

region diagram: particle size, index of refraction, and phase shift. The vertical divisions
are created by the particle size regions, small, medium, and large particles. The
horizontal divisions are for the difference in index of refraction, and the semi-circular
divisions are the regions in which the wavelength of light undergoes a phase shift. Thus,

by calculating the size parameter, x and the index of refraction difference, m, the
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extinction coefficient Q. can be determined. For example, for spheres which are small
compared to the wavelength of incident light, Rayleigh scattering theory is appropriate,

and the Rayleigh coefficient of scattering efficiency is as shown in Equation 4-13 [33]:

CLA g (4-13)
2, ) "

QRayleigh = x’m? = (

Thus, selecting the extinction efficiency of a medium depends on the ratio of the
particle diameter to the wavelength of incident light as well as the difference in index of
refractions of the particles and the medium. The experimental methods for determining

the average particle diameter and the refractive indices of the QDs and the media will

be described in Chapter 5.

4.2.3 AM Photopolymerization Models

Thus far in the dissertation, light scattering theory has been described without
considering photopolymerization theory. To create a theoretical model that considers
light scattering theory in photopolymers, the photopolymerization process must be
understood.  Polymerization occurs when monomers (organic compounds) are
energized such that they “link” to other monomers to form “polymers” (hence the term
“polymerization”). Photopolymerization occurs when the activating energy comes from a
light source. To complete this reaction, monomers, photoinitiators, and photo inhibitors
come into play. The process happens in three stages: initiation, propagation, and
termination. First, light of the appropriate wavelength initiates the process by striking the
photoinitiators which then create free radicals [39]. A free radical is a particle that has

an unpaired valence electron and is reactive with other materials because of this
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“dangling” covalent bond. The free radicals then react with the monomers to create a
propagating reaction that links the monomers together [38].

When photopolymers are exposed to the appropriate wavelength of light at a
sufficient intensity, photopolymerization begins for the mass of polymer that is exposed
to the light. Since the light energy is absorbed by the photopolymer as the light
penetrates it, only the polymer above a certain depth receives enough energy to
crosslink. This depth of crosslinked polymer is known as the cure depth and is predicted
using current photopolymerization theory used in AM.

To explain current AM photopolymerization theory, the Beer-Lambert Law
presented in Equation 4-1 (Section 4.2.1) is arranged into the form shown in Equation 4-

14.

= nle)

14
The curing of photopolymers can be characterized using this form of the Beer-Lambert
Law, with I(z) paralleling the critical exposure (E.), I, being the incident light intensity
(E,), z being the cure depth (C;), and 1/y being the depth of penetration term (D,).

Rewriting the equation according to these new terms, the Beer-Lambert equation

becomes what is known in the field of AM as the Jacobs equation [39-40]:

Eo
Ca = Dyin(22) (4-15)
E.

where Cy is the cure depth, D, is the depth of penetration, E, is the incident exposure
dose, and E; is the critical exposure dose. The critical exposure is the minimum amount
of exposure energy needed to initiation photopolymerization, and the depth of

penetration is the depth to which photopolymerization occurs given a certain amount of
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light. This arrangement is used to predict cure depth of a photopolymer from a given
intensity with the depth of penetration and critical exposure terms being defined for each
specific polymer. In cases where D, and E. are not defined (e.g., when developing a
new photopolymer) and must be determined, the cure depth is measured for various
exposure values and plotted in a graph of the log of exposure verses the cure depth.
The usefulness of the Jacobs equation comes from forming a working curve from cure
depth samples, and this working curve is used to experimentally determining critical
exposure (the x-intercept) and depth of penetration (the slope of the log-linear trend

line). Figure 4-2 is a depiction of a working curve [39-40].
Working Curve for Photopolymers
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Figure 4-2: Example Photocuring Working Curve.
To create a working curve, thin film samples on the order of a few hundred

microns thick are created by controlled exposure to UV light. By varying exposure dose,
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film samples of varying thicknesses are created. Upon measuring these samples, their
thickness is plotted on the y-axis of the plot against the log of the exposure dose on the
x-axis. The line that continues through each of the points is the working curve. The y
intercept of the working curve is dictated by the Jacob’s equation to be the critical
exposure, and the slope of the working curve is the depth of penetration. Thus, from this
plot, the amount of energy needed to initiate cure (e.g., critical exposure) along with the
approximate depth of penetration light can be determined for an individual polymer,
which can be used to predict the depth of cure (layer thickness) given a certain UV dose

[29-30].

Macro Vs. Micro Absorption Models

Predicting the curing behavior of photopolymers traditionally is approached on
either a micro or macro level, meaning the modeling is either specific to photoresist
composition or the model simplifies photopolymer curability into up to two separate
terms, respectively [31]. The micro-type models are based on the volume concentration
of each photopolymer ingredient and the subsequent probability that a photon will strike
a photoinitiator, produce a free radical, and then finally cause monomers to crosslink.
The influence of dies, which absorb photons, and other materials that absorb free
radicals are taken into account. Halloran and authors have created a model (Equation
4-16) that predicts cure depth based on specific components of their photopolymer

mixtures including photoinitiators, photoinhibitors, dyes, and monomer types [32]:

1

T
E+(1—®)(cpsp+ CpED)

CalE) = (e -im|a -0 % ree+ e 2])  @18)
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where c,¢, is the absorption of the photoinitiator, ¢y is the absorption of inert dyes, Q

is the concentration of inhibitors, @ is the volume fraction of solid material, Q is the
quantum yield for photogeneration, and the other terms dictated similar photoreactive
properties of the photopolymer. Halloran’s formulation is useful for situations where
photopolymer ingredients are known and well characterized. However, for this work,
where a commercially available polymer is used and the composition is largely
unknown, developing a model of this kind is impractical.

In contrast to the micro-level models, modeling has been performed for particle-
loaded photopolymers without consideration for the specifics of the photopolymer
composition. These macro-level models lump the photo-sensitivity of the photopolymer
into two terms, critical exposure and depth of penetration. This type of theoretical model
was used by Griffith to model the effects of ceramic particles on photopolymerization on

AM photopolymers and will be discussed in the next section.

Extinction Efficiency in Photopolymerization Models

Griffith and authors propose a theoretical model to predict the cure depth of
ceramic-doped AM photopolymer that focuses on the simplified extinction efficiency
term, Q [38]. While Q terms were considered from Mie and Rayleigh-Gans models,

Griffith ultimately develops an empirical coefficient represented in Equation 4-17.

2mdy (4-17)
) An?

Qext X (AO

Just like the simplified Q term in Equation 4-13, Griffith’s extinction coefficient
Q..: is a function of the difference in index of refraction between the particles and the

media and is also a function of the ratio of the particle circumference to the wavelength
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of light [31, 33, 42]. Griffith incorporated this Q,,; term into the depth of penetration

term of the Jacobs Equation (Equation 4-15) to create Equation 4-18 [38]:

C, %m (’g_) (4-18)
0= (2;0‘1)[ An? (4-19)

Where d is the average particle diameter, E, is the given exposure of light, E. is the
critical exposure of the photopolymer, @ is the volume fraction of particles in the media,
and An and (2rnd/1,)! are the refractive index difference and the particle size-
wavelength ratio. The term i is specific to the particle-polymer mixture and is
determined via optimization techniques. Equation 4-18 constitutes one of the first
attempts at incorporating light scattering theory into an AM photopolymerization model.
Griffith’s model will be leveraged to form a hypothesis to predict the effects of QDs on

PolyJet photopolymer presented in the next section.

4.3 Primary Research Hypothesis

Based on the literature presented, a hypothesis can be formed that incorporates
light scattering theory and AM photopolymerization models. Table 4-2 contains the
critical relationships between scattering efficiency and photopolymerization toward

forming the Primary Research Hypothesis.
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Table 4-2: Progression of Current Theory Toward Hypothesis

1. Integrated form of Beer Lambert Law Equation No.
1(z) = l,exp(—yz) (4-2)
2. Integrated form of Beer Lambert Law solved for z, penetration depth
1 I -
z=—1n(7) (4-20)
Y \
3. General Form Scattering Efficiency
« 4-3
Yy = j T[erext(r)N(r)dr ( )
0
4. Take Average Radius of Equation 4-3
Yy = T[rZQextn
5. Convert to Weight Percent (wf%) and Diameter, d
3dpparticleWt%Qext (4'6)
Yy = >
Pmedia
6. Rayleigh Scattering Coefficient
L, (2md\ (4-13)
QRayleigh =x'm- = ( 1 ) An
o
7. General Form AM Photopolymerization Model (Cure Depth Equation)
E (4-15)
Ca = Dpln (E—‘C’)
8. Griffith Model for Cure Depth of Ceramic-Doped AM Photopolymers
c 2d 1 (EO) 0 <2nd>iA ) (4-18)
g X —In({—], = n
3Q® EC /10 (4_19)
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Equation 4-2 contains the integrated form of the Beer Lambert Law for the
scattering of light with particle doped media. Equation 4-20 in the Table 4-2 is Equation
4-2 solved for the depth term, z. Comparing Equation 4-20 with equation 4-15, a
similarity can be seen. Equation 4-20 illustrates that the depth to which light penetrates
is inversely proportional to the scattering efficiency of the particles within the media.
Equation 4-3 contains the general form of scattering efficiency, which is altered to
accommodate weight percent loading into Equation 4-6. Equation 4-6 further illustrates
the inverse relationship between particle loading and the depth of penetration.
Understanding the relationship between cure depth (Cy) and depth of penetration (Dp)
presented by the Jacob’s equation in Equation 4-15, Griffith presents Equation 4-19,
which is a form of the Jacob’s equation that incorporates light scattering theory.
Ultimately, Griffith uses a light scattering term to replace the depth of penetration term.
For this research it is proposed that QDs will affect the depth of penetration in a similar
manner, namely that the depth of penetration can be predicted using light scattering
theory. Since QDs are nanoparticles, and are thus smaller than the wavelength of the
light, Rayleigh scattering is appropriate and Equation 4-13 should be applicable. This

combination of theoretical models constitutes the Primary Research Hypothesis.

Primary Research Hypothesis: The effect of QDs on the depth of penetration term for

photopolymers can be predicted by Rayleigh light scattering theory.

D

2Pmedia (27Td)2
= . — . — [ — A 2
P 3dpparticles Qwt% > ¢ Qrayllegh Ao " (4-20), (4-21)
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Experimentation in Chapter 5 will be focused on validating this hypothesis and
exploring any additional effects that the QDs might have on photopolymerization that

have not been discovered in prior literature.

4.4 Roadmap

This chapter reviews existing work in QD-photopolymer systems and current
modeling photopolymerization with particles. The current work in these areas does not
intersect by means of providing a model for the photopolymerization of with QDs.
However, relevant modeling has been performed in the area of light scattering by
particles and scattering of light by particles in AM photopolymers. Thus, the scientific
contribution of the work in this dissertation is to gain an understanding of the effects of
QDs on photopolymerization, in the form of the Primary Research Hypothesis. The
remainder of this dissertation will include the experimental methods to validate the
hypothesis, experimental results, a comparison of the hypothesis and the experimental
results, and the conclusion from this work. A roadmap is provided below to outline the

chapter contents.
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Table 4-3: Roadmap

Research
Phase Chapter Goals
©
§ Chapter 1 Describe the problem
3 s © Introduction, Describe a solution to the problem and
b e ® DC- Motivation, and the process for implementing that solution
2| & L & Project Outline Identify the qualifying and research
g e % = questions related to the proposed solution
A0 3
c
Qo ) . .
B ~ Chapter2 Synthesize literature related to the
= & Visibility of Quantum | | Qualifying Questions
o ?E) Dots within PolyJet
€N o = Media (QQ1 .
% L 5 edia (QQ1) Perform  Experiments to address
BE & & | Qualifying Questions 1 and 2
T (2 LIEJ‘ Chapter 3
3 2 o § Inkjetting with Draw Conclusions to address Qualifying
== T Cc Quantum Dots in Questi
2 % € E PolyJet Media uestions
Oml S B (QQ2)
O O Y= 9
muw|, £ o
(
Liter;:‘; ;‘:’V‘i'ew of Synthesize literature related to the
A Photopolymer- Primary Research Question
] ization Theory,
f:j Proposed Identify gaps in existing literature that
§ \_ Theoretical Model ) | prevent answering the research question
T
S @ 4 Chapter 5 " | Form hypotheses based on existing
w| ®o Experimental literature
'g g % Techniques, Results
< c and Critique and . C g
| O = Modification of Establish Methods for validating the
= 0 = \ Theoretical Model hypothesis
e 0 c.0 . . .
© < é = ([ Chapter6 Perform Experimentation to validate
3 g o Effects of Intensity hypothesis
&J fﬁ c>u [ on Critical Exposure )
%‘, Draw Conclusions based on experiment
= results
o
w =) Chapter 7 Identify significant contributions
> Project Summary
c I
E 2 o and Future Work Summarize accomplishments related to
£ % = answering each of the research questions
S c =
5; 8 8 Propose future work
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CHAPTERS5 PHOTOCURING EXPERIMENTAL METHODS AND

RESULTS

This chapter details experimental methods and results toward characterizing the
effects of QDs on the photopolymerization of PolyJet VeroClear photopolymer. In
addition, the experimental results will be compared with the Primary Research
Hypothesis presented in Chapter 4. The Primary Research Hypothesis describes the
scattering efficiency of the QDs within the photopolymer and predicts the depth of

penetration of QD-loaded photopolymers.

Primary Research Hypothesis: The effect of QDs on the depth of penetration term for

photopolymers can be predicted by Rayleigh light scattering theory.

meedia

D. = _ _ _ (an)z An?
p— departiclesQWt% s Q= Qraytiegh = 1, n (4-20), (4-21)

Where D, is the depth of penetration, d is the average particle diameter, Q is the
scattering coefficient, 1, is the wavelength of incident light, wt% is the weight percent of
QDs, and An is the difference in refractive indices of the QDs and the media.

In this chapter, Section 5.1 describes the experimental methods used to
characterize the QDs and the photopolymerization of QD-doped photopolymer. Section
5.2 describes the results of the photocuring experiments, and Section 5.3 contains a
comparison between the Primary Research Hypothesis and the experimental data.
Finally, Section 5.4 describes methods and findings related to the effects of intensity on
the critical exposure of the photopolymer, which was also explored due to unique results

obtained during the photocuring experimentation.
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5.1 Experimental Methods

The methods described in this section focus on characterization of the curing of
QD-doped resin and characterization of QDs towards scattering properties, refractive
index, and particle and agglomerate size. To validate the Primary Research Hypothesis,
one needs to know the diameter and the refractive index of the QDs at the wavelength
of cure (365 nm). Furthermore, the dominant scattering mechanism (e.g. Rayleigh or
Mie) is identified via spectrophotometry. Procedures for obtaining these values for QD
properties are presented in Section 5.1.1.

The polymerization of QD-doped polymers is characterized toward identifying

values for the Jacobs equation (Equation 4-15) [1]:

E
Ca= Dyln(3) (4-15)
E

where C; is the cure depth, D, is the depth of penetration term, and E, and E_are the
incident and critical exposures, respectively. Since the input into this equation is the
incident exposure and the output is the cure depth, the terms characteristic to the
individual polymer are the depth of penetration and critical exposure of the
photopolymer. The critical exposure and depth of penetration are determined by
plotting film thicknesses verse exposure values, which constitutes the working curve of
a photopolymer (Section 4.2.3). As described in section 5.1.2, the working curves are
formed by creating and measuring cure-depth samples via microstereolithography
(USL).

The experiments described in this section are conducted to validate the Primary
Research Hypothesis. These methods along with their respective components of the

Primary Research Hypothesis are summarized in Table 5-1.
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components of the research hypothesis.

Table 5-1: Summary of research methods toward answering the respective

Primary Research Hypothesis

— meedia .
P 3dpparticlesQWt% '

2md\* 5
Q= Qrayleigh = < ) An

(4-20),
(4-21)

Ao

Jacob’s Equation relating Cure Depth (C,) and Depth of Penetration (D,)

E
Cy = Dyln (E_) (4-15)
Term Variable/Parameter Experimental Method or Parameter Value
2md\ > , | Rayleigh Scattering | SEM to determine average particle size,
L ) An” | Coefficient (small particles) | spectrophotometer to verify Mie scattering
SEM analysis of QD-doped cure depth
samples revealed the average size of QD
d Average Particle Diameter | agglomerates. Spectrophotometry reveals
peak absorbance wavelength, which can be
traced to the average nanoparticle diameter.
D, Depth of Penetration Extrapolated from Workings Curves, which
_ are formed by plotting cure depth verses
E, Critical Exposure of QD- | gynosure. Cure depth samples were created
doped Polymer with a microstereolithography apparatus.
E Incident Exposure of Pure | Value of PolyJet lamp intensity
0 Polymer (20 mWi/cm?)
Measured films created via
Ca Cure Depth Microstereolithography
Poaticles | Density of Particles Density of CdSe, 5.82 g/cm? [2]
Prmedia Density of Polymer 1.08 g/cm®, measured
Ao Wavelength of Curing Light | Peak Wavelength of PolyJet Lamp (365nm)
An Difference in Refractive UV Refractometer, Literature Review [3]
Index of polymer and QDs
5 ,
wi% QD Weight Percent Values of 0.5, 1, 2, and 5 wt% determined by

visibility tests in Chapter 2
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5.1.1 QD Characterization

QDs have the potential to influence photopolymerization by scattering the light
energy intended for exposure. The scattering efficiency of a particle depends on the
size, absorption and scattering characteristics, and the index of refraction difference
between the particle and the fluid in which it resides (Section 4.2.2). First, the
absorption and scattering properties of the QDs are determined by spectrophotometry.
Spectrophotometry measures the amount of light transmitted through a medium verses
the wavelength of light. Analyzing the trend in transmission verses wavelength reveals
the dominant scattering mechanism (scattering by large particles or small). Second, the
presence and size of the QD agglomerates are determined by imaging on a Scanning
Electron Microscope (SEM). The size of the agglomerates further verifies the dominant
scattering mechanism revealed through spectrophotometry.

Finally, the refractive index is measured with a UV refractometer. This section
deals with the methods to characterize the QDs in terms of scattering and absorption

mechanisms, particle size, and refractive index.

Spectrophotometery

Spectrophotopmetery was used to characterize transmission of a range of UV
light wavelengths through the QD-doped photopolymer. A spectrophotometer contains a
light source, wavelength filters, and a detecting device for detecting the intensity of light.
The instrument is initialized by charting the intensity of light through the spectrum of
wavelengths. After the sample is inserted, the instrument then measures the intensity
travelling through the sample and reports an absorbance value based on the difference

between the initialization data and the sample data. Samples of varying QD loadings
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were analyzed in the spectrophotometer to determine the dominant scattering
mechanism.

The data obtained from a spectrophotometer is absorbance verses wavelength.
An absorbance curve that is mostly linear corresponds to Mie scattering while an
asymptotic curve corresponds to Rayleigh scattering [4]. Thus, the profile of the
spectrophotometer data will determine the type of scattering in the QDs and the
resultant mathematical model. The QDs can still maintain their nanometer (nm) size
fluorescent properties while being assimilated into much larger agglomerates. Also, the
QDs have a specific wavelength peak that corresponds to the individual QD particle
diameter, regardless of the presence of agglomeration. In other words, the peak
wavelength of the absorbance profile signifies the size of the QDs. For example, a QD
with a diameter of 3 nm will have a peak absorbance of light around a 550 nm
wavelength [5]. Thus, the spectrophotometer data will reveal the dominant scattering

mechanism as well as verify the QD particle size.

Scanning Electron Microscopy (SEM)

As stated in Chapter 4, the average particle agglomerate size of the QDs in the
photopolymer determines the type of light scattering that occurs in the particle-doped
medium (Rayleigh or Mie scattering). Also, the particle size is part of the modeling
equation for determining scattering efficiency.

Ideally, the particle size distribution in a medium can be measured via dynamic
light scattering (DLS). DLS takes advantage of Brownian motion, the size-dependent,
natural vibrations of particles, to obtain the particle sizes. DLS was not used in this work

due to several reasons. First, to accurately measure particle size via DLS, stable
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dispersion of the particles must be obtained. In other words, any settling of the particles
would alter the results of the measurement. From stability measurements (Appendix), it
is known that the QDs do settle over time in the fluid, and that larger QD agglomerates
do exist and settle quickly. Another reason DLS was not usable for the QD-VeroClear
mixture was the viscosity of the VeroClear was too high. In order to measure the
Brownian motion of the particles, the fluid must have low enough viscosity that the
particles can freely move. In this work, it was surmised that the extent of agglomeration
was heavily dependent on the interaction between the photopolymer and the QDs.
Therefore, the agglomeration due to the interaction of the QDs with the polymer would
not be represented by a dispersion of the QDs in a different liquid of lower viscosity,
such as toluene. Thus, an alternative method for determining the size of the QD
agglomerates is needed.

As an alternative to DLS, Scanning Electron Microscopy (SEM) was performed
on cured QD-photopolymer samples to determine the particle sizes present within the
films. Since QDs are semiconductors, they are visible to the SEM. Recycled stair-step
samples from the micro stereolithography cure-depth experiments (Section 5.1.1) were
used in this measurement. To prepare the films for SEM imaging, the samples were
frozen in nitrogen and fractured. Afterward, the samples were coated in gold via
vacuuming and vapor deposition. Pure polymer, as well as 2.0 wt% QD samples, were
imaged in magnification ranging from 75x to 500x. To quantify particle sizes, a section
of an image was isolated and the particles were measured by counting the number of
pixels across their diameter. The pixels were related to the distance scale on the

image, and the particle size distribution was determined.
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Refractive Index

The refractive index (RI; also known as “index of refractive”) is a measure of the
speed that light travels through a medium with relation to the speed of light in a vacuum.
The difference in the Rl between the photopolymer and the incorporated particles
majorly influences the scattering properties of the particle-doped photopolymer. Since
the photocuring is driven by a UV lamp with a peak wavelength of 365 nm and Rl is
wavelength dependent, the RI of the QD-doped photopolymer must be measured at this
wavelength. To perform the RI measurement at 365unm, a Filmetrics thin-film
measuring system was used. The QD-polymer concentrations were prepared by mixing
dry, powdered QDs into VeroClear polymer by weight percent. The mixtures were
stirred for 15 minutes, sonicated for 5 minutes, and restirred for 5 minutes. Weight
percentages of 0.5 wt%, 2.0 wt%, 5.0wt%, and 10.0 wt% were prepared along with the
control sample of pure VeroClear. The samples were coated onto silcon wafers via spin
coating and then cured under UV light. The remaining uncured residue was rinsed away
with isopropyl alcohol. The samples were then measured for thickness with a micro-
contact measurement system. Using this thickness value combined with the speed
through which the light passes through the sample yields the value for refractive index.

The methods in this section describe the procedures needed to quantify QD
characteristics toward validating the theoretical model presented in Chapter 4. The
following section describes the methods related to characterizing the effects of the QDs

on photopolymerization.
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5.1.2 Photocuring Characterization

Photopolymerization can be characterized by in-situ monitoring of the viscosity of
the curing polymer, which is achieved by an instrument called a photorheometer. In
addition, polymerization can be characterized by measuring the thickness (cure depth)
of polymer films created by controlled doses of UV exposure and plotting the film
thicknesses verses the exposure dose. The plot of cure depth verses the natural
logarithm of the exposure dose is known as the Working Curve of the photopolymer.
The working curves are based on the Jacob’s equation, Equation 4-15 (repeated here

for convenience):

Cy= Dyln (ﬂ) (4-15)
E.

where C, is the cure depth, D, is the depth of penetration term, and E, and E.are the
incident and critical exposures, respectively. As shown in Figure 4-2, the data point for
film thickness create a straight line on the log plot. The slope of that line constitutes the
depth of penetration of the exposure light source, and the x-intercept of the line (where
cure depth equals zero) constitutes the critical exposure of the photopolymer under a

given light source.
Cure-depth films can be created by a mechanical exposure method, such as a
UV lamp with a mechanical shutter or UV conveyor, or a digital exposure method, such
as a microstereolithography machine. Selecting an appropriate polymerization
characterization method depends on two parameters: the intensity of the light source
and the amount of QD-doped polymer required to create a sample. As for the intensity
parameter, curing properties of photopolymers are dependent on the intensity of the

curing light (discussed more in Chapter 6) [6]. Both the lamp and shutter apparatus and
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UV conveyor have intensities that differed greatly from the 20 mW/cm? intensity of the
UV lamp on the PolyJet machine (1.6 mW/cm? and 100 mW/cm?, respectively).
Furthermore, neither mechanical method used the QD-doped sample volume efficiently
(Table 5-2). As for the photorheometer, filters on the light source limit the emission to
outside a peak emission of 365nm. Since the Polyjet polymer is designed to be
compatible with a broader range of wavelengths (see absorption data in Figure 5-4),
curing with an LED light source would not produce results characteristic of the PolyJet
process.

As for sample volume, due to the expense of QDs it is necessary to find a
characterization method that uses the QD-doped polymer sample efficiently (provided
the most data points for the least amount sample volume). Between
microstereolithography and the photorheometer, the former can create samples with
multiple thicknesses per exposure while the latter can only produce 1 thickness/data
point for a similar sample volume.

The criteria for selecting a photopolymerization characterization method is
summarized in Table 5-2. Considering these points, the uSL setup was selected as the
primary method for characterizing photopolymerization of QD-doped Polyjet

photopolymer.

Micro Stereolithography

As previously stated, microstereolithography was chosen as the method for
characterizing photopolymerization due to its broad emission range and efficiency in
using sample volume. A micro stereolithography apparatus (USLA) is an AM process

that uses a projector and lenses to project small 2D images onto the surface of a vat of
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Table 5-2: Selection Criteria for Photopolymerization Characterization Method

Methods to >
Characterize
Photopoly-
merization

Criteria (below)

uv
Conveyor

Photo-rheometer

Microstereo-
lithography
Apparatus

Lamp and
Shutter
Mechanism

Similar output to

PolyJet lamp
e 20 mWicm?
intensity
e broad uv
spectrum

Unfavorable
Intensity is
too high:
100 mW/cm?

Favorable
Adjustable
intensity, but
filters make
emission
spectrum too
narrow

Most Favorable
Adjustable
intensity and
similar spectral
output

Unfavorable
Intensity is too
low:

1.6 mW/cm?

Sample material
required per
data point

Unfavorable
Requires 0.3 ml
per sample, 1
data set per
sample (0.3 mL
per data point)

Most Favorable
Requires 0.5 mL
for 5 films with 5
thicknesses
each
(0.5 mL for 25
data points, 0.02
mL per data
point)

photopolymer (Figure 5-1). To create this projection, UV light is collimated via optical
lenses and reflected onto a dynamic mask, such as a digital mirror device. The dynamic
mask is controlled by a computer to reflect a certain image. The reflected image is then
reduced via more optical lenses and projected onto the resin surface. By reducing a
digital projector image, which has high-pixel volume, into a very small area, the process
achieves very high resolution. Thus, three dimensional geometries with features on the
order of a few microns can be created with the uSLA process.

To create film samples that are both small but measurable, a new sample
geometry was designed. The new design incorporates multiple exposures into a single

sample, creating a stair-step geometry. Figure 5-2 illustrates the exposure process.
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Figure 5-1: Masked Projection Microstereolithography

Each sample gave five data points of thickness for a variety of exposures. Five
samples were created for each polymer, resulting in 200 data points for each QD
concentration. A possible alternative to creating the stair-step sample would be to
create a sample with a single stair height and measure multiple heights along the length
of the sample. However, curling was found to be a significant problem on the thicker

samples, causing the sample to shift during measurement.
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UV Light

Exposure 3

Final Sample
Geometry

Exposure 4 Exposure 5

Figure 5-2: Multiple exposures levels given to create the stair-step geometry

(sample is floating and not attached to a build platform).

Creating samples with varied step heights not only combats the curling in single-
height samples but also provides a means to test multiple exposures per step height.
The thinnest section of “stair” was placed in the middle of the sample to combat curling.
Also, double sided tape was used to help keep the samples flat.

For each stair-step sample, the intensity of the UV projection was calibrated to
approximately 20 mW/cm? with a UV dosimeter. The QD-doped polymer samples were
injected into a small well and exposed. Once created, the samples were removed from
the well and blotted dry. The step heights are measured with a Dino Lite Pro digital

handheld microscope and plotted against their exposure values to create a working

curve for the photopolymer.
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5.1.3 Experimental Methods Summary

Methods to characterize the QDs within PolyJet photopolymer include
spectrophotometer, SEM imaging, and UV refractometery to determine QD scattering,
particle size, and index of refraction, respectively. To characterize photopolymerization
of QD-doped photopolymer in the form of working curves, a microstereolithography
apparatus was used to create cure depth samples via controlled exposure. The
methods used in experimentation are focused toward finding values to verify the

Primary Research Hypothesis.

5.2 Experimental Results

Experimental results were obtained using the methods described in Section 5.1.
This section details the results obtained for producing the working curves for the QD-
doped photopolymer as well as QD particle and agglomerate size and dominant
scattering mechanism. The values obtained in this experimentation are directed toward
verifying the Primary Research Hypothesis to describe the effect of QDs on

photopolymerization.

5.2.1 QD Characterization

The QDs were characterized in terms of particle size, agglomerate size, and
dominant scattering mechanism. Spectrophotometer data revealed that Mie scattering
was the dominant scattering mechanism and that the individual QD diameter was 2.4-
2.6 nanometers in diameter. Since Mie scattering dominated, it was apparent that the
individual QDs had agglomerated (despite functionalization), and the size of the
agglomerates needed to be obtained. The QD agglomerates were observed via

Scanning Electron Microscopy (SEM) and the average agglomerate diameter was
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obtained by analysis of the SEM images. SEM images also revealed some interesting
phenomena in the photopolymerization with the QD agglomerates that has not been

discussed in previous literature.

Spectrophotometery

Samples of PolyJet photopolymer with varying concentrations of QDs (8 different
concentrations, including pure polymer) were analyzed via the spectrophotometer. The
resulting data, shown in Figure 5-3, provides an understanding of the absorption profiles

of the different samples across a range of wavelengths of light (300 nm to 700 nm).

Absorbance vs. Wavelength

0.25 g
0.2 -
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= —2 W%
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-]
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Wavelength (nm)

Figure 5-3: Spectrophotometer Data. Absorption of QD photopolymer

suspensions verses wavelength of light.
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The following conclusions can be drawn from the data in Figure 5-3:

e The absorption over all wavelengths increases with the increase in QD
concentration.

e The two peaks around 365 nm and 520 nm represent the absorption
peaks of the photopolymer and the QDs, respectively. This absorption
peak for the QDs at 520 nm verifies that the QDs are between 2.4 and 2.6
nm in diameter [8].

e The asymptotic increase in absorption below the 350 nm wavelength
mark is the absorption of the PolyJet photopolymer, which confirms that
the polymer aggressively cures in the 300-350 nm wavelength range in
addition to 365 nm.

e The predominantly linear profile of the absorption curves suggests that
the dominant scattering mechanism is Mie scattering. Since Mie
scattering occurs for particles that are large in diameter in comparison to
the wavelength of light, the data suggests that the QDs have
agglomerated. Further analysis by SEM was needed to determine the
average agglomerate size (detailed in the following subsection).

Due to this proof of nanoparticle agglomeration, the Primary Research
Hypothesis must be revised to incorporate Mie scattering rather than Rayleigh
scattering. A revision of the Primary Research Hypothesis from to these results is

discussed in Section 5.2.2.
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A lot of the scattering efficiency of the QD-loaded particles (from 0.5 wt% to 5
wt%) at 365 nm wavelength of light (the wavelength at which PolyJet photopolymer
cures) against the natural logarithm of the weight percent is shown in Figure 5-4. A
linear relationship can be seen between the absorption and the natural logarithm of QD
concentration. This aligns with the Primary Research Hypothesis, which states that the
depth of penetration is inversely proportional to the product of the QD scattering

efficiency and the QD loading.
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Figure 5-4: QD Absorbance at 365 nm vs. QD Loading
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Scanning Electron Microscopy (SEM)

To further investigate the agglomeration of the QD nanoparticles in the
photopolymer resin, SEM was conducted on cured samples. A SEM image of a cross
section of a PolyJet photopolymer film created via uSLA is provided in Figure 5-5.

To obtain this image, the cured thin film was first frozen in nitrogen and then
fractured to reveal the QD dispersion along the depth of the sample. The rough,
mountain-like surface on the left side of the image is the bottom of the cure depth
sample, and the smoother, flaky surface in the center of the image is the cross section.

It can be seen in Figure 5-5 that the majority of the QD agglomerates remain on
the upper and lower surfaces of the film during curing via uySLA. This reveals that the
QDs do not readily become part of the polymer matrix, despite functionalization (doping
the QD surface with polymer ligands) (Section 2.3.2). Also, it appears that the majority
of the larger agglomerates are pushed downward during curing. This is most likely due
to the inability of the polymer networks to accommodate the large masses.

To obtain a particle-size distribution from the SEM images, images of the top
surface of the photopolymer film were analyzed (See Figure 5-6). The top surface was
chosen as the most appropriate point of reference for obtaining particle size distribution
since the photo-curing light passes this surface before reaching the remaining
photopolymer. Analyzing the SEM images revealed that the QD agglomerates ranged
from 1- 50 microns in diameter and had an average diameter of 20 microns. Since 20
microns is significantly larger that the wavelength the curing light (365 nm), a 20 micron
average agglomerate diameter further verifies that Mie scattering is the dominant

scattering mechanism within the QD-doped polymer.
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Figure 5-6: SEM image of the top surface of QD-doped photopolymer film
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Refractive Index

Despite many attempts to measure the refractive index via UV refractometery,
the value could not be assessed due to the aforementioned agglomeration of the QDs
within the polymer. For a proper measurement, the solution must be homogenous and
thickness of the film should be constant. The presence of agglomerates causes mounds
along the film surface and non-homogeneity within the film. Thus, a value for the
refractive index of CdSe at 365 nm wavelength was obtained from the literature [3]. To
compensate for the uncertainty of the actual refractive index value of the QDs, an
exploration of the sensitivity of the Primary Research Hypothesis to a change in the

index of refraction term is presented in Section 5.3.

5.2.2 Primary Research Hypothesis Revision 1

The original Primary Research Hypothesis, which centered on the use of
Rayleigh scattering as the dominant scattering mechanism, was based on the
assumption that the QDs were dispersed in mostly nanoparticle sizes. However, the
results from the spectrophotometer measurements and SEM imaging reveal that the
QDs are agglomerated and have an average 20 microns in diameter. These large
agglomerates suggest that Mie scattering dominates. Thus, the Primary Research
Hypothesis must be revised to accommodate Mie scattering instead of Rayleigh
scattering. The simplified Mie coefficient of scattering efficiency is shown in Equation 5-

117);

2md\>?
Quie = 2x°m? =2 (=) an? (5-1)
0
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The revised version of the Primary Research Hypothesis is stated in Equation 5-2 and

5-3.

Primary Research Hypothesis (Revision 1): The effect of QDs on the depth of

penetration term for photopolymers can be predicted by Mie light scattering theory.

— meedia .
P 3dpparticlesQWt% '

Q= Quie =2(5) an? (5-2), (5-1)

The photocuring characterization results are discussed in the next section. The
results of these experiments further clarify the role of QD on photopolymerization and

help to further revise the Primary Research Hypothesis.

5.2.3 Photocuring Characterization

Films samples were created by exposing varying concentrations of QD-doped
PolyJet photopolymer to varying amounts of UV light via the uSLA apparatus (Figure 5-
1). The sample thicknesses were measured to produce working curves for each of the
QD concentrations. From these working curves, trends in the depth of penetration and
critical exposures values for increasing concentrations of QDs can be identified. This
section reviews the experimental results related to characterizing the curing behavior of

QD-photopolymer mixtures.

Micro Stereolithography
The thicknesses of the stair-step samples created by the ySLA were measured

via a digital microscope. As shown in Figure 5-7, the edge thickness of the samples can
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be readily measured, resulting in five different thicknesses or “steps.” The glass slide

was measured with micrometers and used to calibrate the microscope.

AD20 1280x1024 2013/05/01 12:59:06 Unit: mm Magnification: 61.5 x glass slide 957 microns

DL4

DL3 L=0.319 mm

DL1 E}g - L=0.089 mm
L=0.267mm /o

Glass slide

e -

DLO
L=0.944 mm

1.0 mm

.25 seconds cure 21.2 mW/cm*2 .5wt% QD sample 1

Figure 5-7: Stairstep sample created by uSLA.

Data from the stair step samples was compiled into working curves, which is a
plot of the cure depth verses the exposure. Figure 5-8 contains the working curves for
each QD concentration: Pure (0 wt%), 0.50 wt%, 1.0 wt%, 2.0 wt%, and 5.0 wt%. For
each concentration, five stair step samples were created and analyzed. The working

curves were formed by plotting the sample thicknesses verses the exposure dosage,
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and each working curve represents the five different thicknesses of the stair step
samples. The exposure doses were slightly altered to keep the film thicknesses
somewhat consistent since thicker samples tended to curl excessively after a certain

point during polymerization and thinner samples were too delicate to handle.

Working Curves
0.700
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£ 0.500 5 -/ 7%
g Val) 2
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£ }/ %/* m0.50%
(&)
g 0.200 - y % 2.00%
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1.000 10.000 100.000
Exposure (mJ/cm*2)

Figure 5-8: Working Curves for Varying Concentrations of QDs in PolyJet
Photopolymer

From Figure 5-8 it can be seen that the slopes of the working curves bhave
minimal change with increased QD concentration. From the definition of the Jacobs
Equation (Equation 4-15), the slope of the working curves in Figure 5-8 constitute the
depth of penetration (D,) of QD-doped polymer at an intensity of 20 mW/cm?. Figure 5-9
is a plot of these values verses the QD concentration with the range for pure polymer
depth of penetration values in grey. It can be seen from the data that no discernable

trend in depth of penetration occurs for increasing concentrations of QDs, and the error
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bars overlap. For this reason it can be concluded that depth of penetration of the

photopolymer is not affected by QD concentration above 1 wt%.
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Figure 5-9: Depth of penetration values from working curves in Figure 5-10

In contrast to the trend in the depth of penetration data, a discernable trend can

be seen in a plot of critical exposure verses QD concentration. The working curves in

Figure 5-9 shift in a positive direction on the y axis, which corresponds to an increased

critical exposure of the QD-photopolymer mixture. Plotting the critical exposures from

Figure 5-8 verses the QD concentrations results in a linear trend, shown in Figure 5-10.

It is hypothesized that the increase in critical exposure with increased QD loading

can be explained by the light scattering of the QDs. The more QDs present in the

resins, the more light that gets scattered and becomes unavailable for polymerization.
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Figure 5-10: Critical Exposure values from working curves in Figure 5-8

Furthermore, it is hypothesized that the constancy of the depth of penetration verses
loading and the increasing trend in critical exposure with loading is due to the
formulation of the PolyJet photopolymer. Stereolithography resins, such as those used
by Griffith’s exploration of particle scattering [10], are tailored for a range of values for
depth of penetration depending on the exposure intensity. This allows the operator to
increase or decrease the depth of penetration with an adjustment of exposure intensity.
PolyJet photopolymer, on the other hand, does not need to be responsive to a change
in intensity since the layer heights are controlled by the height of the build platform roller
and not the exposure intensity. PolyJet photopolymer simply must cure under enough
UV exposure and not transmit excess UV light to the layers below. Thus, PolyJet

photopolymer most likely contains an amount of photoinhibtors that provide a consistent
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depth of penetration. In other words, the depth of penetration of PolyJet photopolymer is
likely tailored by its chemistry such that the addition of QDs (at least up to 5 wt%) does
not significantly affect the depth of penetration.

Since a trend in depth of penetration with increased QD loading is not seen in the
experimental data, the original Primary Research Hypothesis is disproven. Furthermore,
the trend in critical exposure with increased QD concentration suggests the need for a
new hypothesis based on the prediction of critical exposure. Thus, a new hypothesis is

presented in the next section.

5.2.4 Primary Research Hypothesis Revision 2

From the observed trend in critical exposure (Figure 5-10), it is hypothesized that
the linear relationship between the critical exposure and the natural logarithm of the QD
concentration is a result of the light scattering by the QDs. Since the Primary Research
Hypothesis states that depth of penetration should decrease with increased loading,
and the results show otherwise, the Primary Research Hypothesis must be revisited.
Thus, taking into account the trend in Figure 5-10, a revised Primary Research

Hypothesis is formed.

Primary Research Hypothesis (Revision 2): The critical exposure of PolyJet

photopolymer increases linearly with an increase in the natural logarithm of weight
fraction loading of QDs.

E. o In(wt) (5-3)

An important note about this new revision is that the QD loading should be

incorporated as a “weight fraction” and not “weight percent” due to the natural logarithm
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producing values less than one for percentages reported in decimal form. Revision 2 of
the Primary Research Hypothesis (Equation 5-3) is validated by the critical exposure
data in Figure 5-10, which shows linear relationship between critical exposure and the
natural logarithm of weight fraction of loading.

To enhance the hypothesis to a point where critical exposure can be predicted,
light scattering and photopolymerization theoretical models are enlisted. Specifically, the
Mie scattering term Q,,;. is added to the equation. Mie scattering occurs when the
average particle diameter is larger than the incident wavelength of light. Experimental
data from spectrophotometry (Section 5.2.1) revealed Mie scattering as the dominant
scattering mechanism and SEM imaging revealed that the QDs had agglomerated to an
average of 20 microns in diameter. Thus, the Mie scattering term is incorporated into
the Primary Research Hypothesis and is repeated here for convenience [7]:

O = 2 (?)2 i’ (5-1)

Where Q,,,;. is the Mie scattering term, d is the average agglomerate diameter, 1 is the
wavelength of incident light, and 4n is the difference in index of refraction of the QDs
and the photopolymer.

In addition to incorporating a Mie scattering term, an empirical term /i is
introduced as an exponent to the particle diameter to wavelength ration for the purpose
of given the model flexibility. This empirical exponent was first introduced by Griffith in
modelling the effect of ceramic particles on the depth of penetration of SL resins [10].

Adding the empirical term to the Mie scattering coefficients results in Equation 5-4.

Qumie = 2 (#)i An? (5-4)
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In addition to the Mie scattering term and an empirical exponent, the critical
exposure of pure polymer, E., is incorporated since the baseline sensitivity to exposure
theoretically impacts the critical exposure of the QD-doped polymers. Furthermore, the
particle cross section term from the original Primary Research Hypothesis is included
and is isolated in Equation 5-5.

2 ,
Particle Cross Section = Pmedia (5-5)

3dpparticlesQWt%

Thus, the final form of the Primary Research Hypothesis incorporates the critical
exposure of pure polymer, the QD cross section, Mie scattering theory, and empirical
term, and the linear relationship between the natural logarithm of weight fraction and
critical exposure. The final version of the Primary Research Hypothesis is stated as

follows:

Primary Research Hypothesis (Final Version): The critical exposure of PolyJet

photopolymer increases linearly with an increase in the natural logarithm of weight
percent loading of QDs. The scattering efficiency can be modeling using a Mie

scattering term, and empirical constant.

(5-6)

Apmeaia  (2md\"
E. = E. Pmedia ( ) An? In(wt)
3dpparticles Ao

The remainder of this chapter contains analysis of this revised Primary Research
Hypothesis with regard to experimental data and sensitivity of the critical exposure to

each of the terms in the theoretical model.
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5.3 Analysis of Primary Research Hypothesis

In review, modeling the effect of QDs on the photopolymerization of PolyJet
photopolymer incorporates elements from the light scattering theory,
photopolymerization modeling, and results discussed in this chapter. Current AM
photopolymer theory predicts the cure depth of the photopolymer based on the Jacobs
Equation (Equation 4-15), which incorporates a depth of penetration term (D) and a
critical exposure term (E;). For pure AM photopolymers, these properties are measured
by creating a working curve from thin films created by varied UV light exposure (Figure
5-8). With depth of penetration and critical exposure values, the cure depth can then be
predicted for a range of exposures. To predict the depth of penetration term based on
particle loading, Griffith incorporated light scattering theory to produce an empirical
equation (Equation 4-19). In this dissertation, an equation to predict the effects of QD
nanoparticles on photopolymerization is developed based on this prior work. A
progression of the theoretical models is provided in Table 5-3.

Based on the SEM results found in Section 5.2.1, the average particle size is
large in comparison to the wavelength of light, meaning Mie scattering is dominant.
Furthermore, analysis in a spectrophotometer confirms that Mie scattering is the
dominant scattering mechanism for QD-loaded photopolymers. Finally, in the results it
can be seen that there is a linear relationship between the scattering efficiency and the
natural logarithm of the weight percent loading of QDs. By applying Griffith’s empirical
term i to the relationship, the critical exposure can be predicted for PolyJet

photopolymers with varied loadings of QDs (Equation 5-6).
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Table 5-3: Progression of Current Theory Toward Final Hypothesis

1. General Form Scattering Efficiency Equation No.
Y= f Oonerext(r)N (r)dr #3)
0
2. Take Average Radius
Y = nr?Qexn
3. Convert to Particle Density to Weight (wt)
= 34Ppartias W% Qext (4-6)
4pmedia
4. Mie Scattering Dominates (Chapter 5)
Qext = Qsca T Qaps (4-7)
5. Mie Scattering Coefficient, Q, from x and An boundary
conditions (5-1)
2md\*
=2 (22
7. Griffith Model with Empirical Exponent, i
¢ 0 (4-19)
8. Final Version of the Primary Research Hypothesis
3 2mdy’ (5-7, 5-8, 5-9)
Ec = Ecov, V=%Q, Q= 2( 7 ) An?
i
Ec= E. 3;5:::‘:;5 (Z;Tod) An? In(wt) (5-6)
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Primary Research Hypothesis (Final Version): The critical exposure of PolyJet

photopolymer increases linearly with an increase in the natural logarithm of weight
percent loading of QDs. The scattering efficiency can be modeling using a Mie

scattering term, and empirical constant.

4 . 2dy
E. = E.oyln(wt%), y=——tmedie o5 o= 2( )Anz

Bl 3dpparticles Ao (5'7, 5-8, 5-9)
4Pmedia <2nd)i
E.x E An? In(wt) (5-6)
‘ &0 3dpparticles Ao

Where E. is the critical exposure, E, is the critical exposure for pure polymer, d is the
average particle diameter, 4, is the wavelength of incident light, An is the difference in
refractive indices of the QDs and the media, i is an empirical term, and wt is the weight
fraction of QDs. Weight fraction is used instead of volume percent since the
experimental quantities of the QDs were measured in weight percents (e.g., 1 wt%, 2
wt%, 5 wt%, etc.). A summary of the evolution of the Primary Research Hypothesis is
provided in Table 5-4.

The proposed model integrates light scattering by particles theory (Mie theory for
large particles) and current particle-doped AM photopolymer theory (Griffith’s model)
and constitutes the first attempt to predict critical exposure of a photopolymer based on

particle loading.
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Table 5-4: Evolution of the Primary Research Hypothesis

Primary Research Hypotheses

Background

2P media This model incorporates a
Original D, = 3dp, e th%i Rayleigh scattering term
(4-20, 4-21) particles to predict an increase in
(Rayleigh o dh 2 Depth of Penetration (Dp)
Scattering) Q = Oraytiegn = ( T ) An? with an increase in
Ao particle loading.
D. = 2Pmedia . Due to SEM and
Revision 1 P 3dpparticlesQWt% ’ SpegtrophOtor_netry dat_a’
—(4_20, 5-9) a Mie scattering term is

(Mie scattering)

2rdy’ )
Q= Quie=2(5—) b
(0]

used to predict Dp.

Revision 2
(5-3)
(Predicts
Critical
Exposure)

E. « In(wt%)

Cure depth film data
reveal no trend in D, and
a linear relationship
between E. and the
natural logarithm of QD
loading.

Final Version
(5-6)

4 i 2rmd
ECOC Ec, Pmedia ( T

i
An? In(wt)
Ogdpparticles Ao )

Mie scattering, Griffith’s
empirical term /i, and
natural log of weight
fraction, not weight
percent (wt not wt%)

Thus, the scientific contribution of this work can be stated as follows:

Scientific Contribution:

Answering the Primary Research Question

in the form of

mathematical characterization will contribute new knowledge to the
area of QD-loaded photopolymers. Developing a mathematical model
to predict the effects of QDs on photopolymerization will serve

applications involving sensing, displays, and composites in addition

to creating PUFs via PolyJet.
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5.3.1 Comparison of Model and Experiment
The data in Figure 5-11 constitutes the premise of the final version of the Primary

Research Hypothesis. The equations are repeated here for convenience:

4P oai 2mdy
E. = E,oyIn(wt%), y= M;’L‘f‘“[(g, 0= z( _ ) An? (5-7, 5-8, 5-9)
paTth es o

E.= E
‘ &0 departicles

4pmedia (an

. ) An? In(wt) (5-6)

The values of the variables used in Equation 5-6 are listed in Table 5-5. Since
the value for the index of refraction of the QDs was undetermined, a value for An was

approximated based on values found in the literature. As previously stated, the Rl of

Table 5-5: Values used in Primary Research Hypothesis Validation

Critical Exposure of Pure Polymer 2.69 mW/cm? (Section 5.2.3)
Average Particle Diameter, d 20 micron (20,000 nm)
Density of Particles, pparcicies 5.82 g/lcm? [2]
Density of Polymer, pimedia 1.08 g/cm? (measured)
Wavelength of Incident Light, 2, 365 nm (Objet Lamp)
Difference in Refractive Index of polymer
(approximated as one) and QDs (2.65, [3]), | 1.65 [3]
An
4pmedia (an>i
E.= E An? In(wt (5-6)
¢ &0 departicles /10 ( )
4(1.08 C"#) 2m(20000 nm)y***
— 2.69 > ( ) (1.65)2 In(wt) = 3.77In(wt)
3(20000 nm)(5.86 =) 365 nm
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CdSe at 365 nm wavelength was found in the literature to be 2.65 [3]. Issues with
spincoating and curing of PolyJet resin prevented the measurement of the RI of PolyJet
resin, however, an alternative An states that the fluid Rl can be approximated to one in
most cases [7]. Thus, An = 1.65. The rest of the values are from literature or
experimental data in this work.

The empirical term j was solved for i = 1.821. As shown at the bottom of Table 5-
5, inputting values for each term in Equation 5-6 results in a coefficient of 3.77 for the
In(wt) term. This calculation of E. = 3.77In(wt) corresponds to the experimental
findings in Figure 5-10, which has a logarithmic curve fit function of y = 3.7701In(x) +
7.994 where y is critical exposure (E;) and x is weight fraction (wf). Of course, the
tailoring of the empirical term / allows this calculation in Table 5-5 to be changed to
match these experimental findings. The sensitivity of critical exposure to the various

terms in the Primary Research Hypothesis is discussed in Section 5.2.3.

5.3.2 Sensitivity Discussion

In addition to showing that the Primary Research Hypothesis being validated by
the experimental data, the sensitivity of the Critical Exposure to each term in Primary
Research Hypothesis is presented in Table 5-6. The sensitivity is calculated by taking
the partial derivative of Equation 5-6 with respect to each variable in the equation and
setting the rest of the variables to their respective nominal values. The rest of the
equation is treated like constants, and the value for the partial derivative is calculated. A
higher number yielded in this calculation means that the critical exposure is more
sensitive to a change in this variable while a lower number corresponds to a low

sensitivity.
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The level of sensitivity simply shows which variables are most significant in the
final calculation. For the variables in Equation 5-6 that can be derived out of the
theoretical model, a value for sensitivity is calculated and reported in Table 5-6. For the
other variables whose partial derivatives do not eliminate them from the equation, a plot
of a reasonable range of their values verses the resulting critical exposure value is
provided in Figures 5-11 through 5-15.

From the values calculated in Table 5-6, it can be seen that the An term has the
highest sensitivity (3.17). To compare the sensitivity of An with terms not calculated in
Table 5-6 (the ones which do not derive out of Equation 5-6), graphs of each term are

presented for a range reasonable values verses the resulting critical exposure values.

Table 5-6: Sensitivity values for terms in Primary Research Hypothesis

E
Critical Exposure of Pure Polymer 3E £ =097
c,0
. 0E,
Scattering Term, Q 3 2.3%10" =5
. 0E.
Density of Polymer, pedia = 2.422
apmedia
Difference in Refractive Index of 0E, )
polymer and QDs, An aan -~ 517 (Figure 5 —14)
. . JE, )
Average Particle Diameter, d i Figure 5 — 13
. : 0E, .
Density of Particles, pparticies — = Figure 5 — 16
apparticles
: : oE.
Wavelength of Incident Light, 4, Fy Figure 5 — 15
o
, . JE, )
Emperical Term, i Fh Figure 5 —12
l
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From Table 5-6 and Figures 5-11 through 5-15, it can be seen that the empirical
term i has the largest impact on the value of critical exposure, with the next greatest
being the particle diameter. Thus, incorporating the empirical term (first proposed by
Griffith, [10]) is an effective solution to fitting the Primary Research Hypothesis model to

the curing properties of a particle loaded photopolymer.
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Overall, the sensitivity of the Primary Research Hypothesis to each of the
equation variables can be discerned by the sensitivity values presented in Table 5-6

and Figure 5-16.

5.4 Roadmap

Thus far in the dissertation, the experiments to determine the feasibility of
utilizing QDs in the PolyJet to create PUFs have been described and their results
presented. Visibility and jetting results show that QDs in concentrations sufficient to
produce PUFs are both visible and ink-jettable, meaning the overall project goal is
feasible. The major contribution of this work is the modeling and characterization of the
photopolymerization of QD-doped PolyJet photopolymer. The literature review for
photopolymerization modeling was presented in Chapter 4, and the experimental
methods and results toward characterizing photopolymerization with QDs are presented
in Chapter 5. Chapter 6 deals with experimental results that did not contribute to
the validation of the Primary Research Hypothesis but revealed evidence of the
role of intensity on critical exposure. Chapter 7 will present the major conclusions of

this work, limitations, and suggestions for future work. A roadmap of the dissertation is

provided in Table 5-7.
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Table 5-7: Roadmap

R rch
Pﬁ::: c Chapter Goals
2
c S Chapter 1 Describe the problem
o s © Introduction, Describe a solution to the problem and
b e ® DC- Motivation, and the process for implementing that solution
2| & L & Project Outline Identify the qualifying and research
g 8 % % questions related to the proposed solution
E|a3d o
c
Qo ) . .
B ~ Chapter2 Synthesize literature related to the
o> € Visibility of Quantum Qualifying Questions
= ?E) Dots within PolyJet
0 = = Media (QQ1 .
% L 5 edia (QQ1) Perform  Experiments to address
BE & & | ~N | Qualifying Questions 1 and 2
T (2 LIEJ‘ Chapter 3
3 2 o § Inkjetting with Draw Conclusions to address Qualifying
L3 ® £ Quantum Dots in Questi
2= £ E PolyJet Media uestions
O® O© o (QQ2)
3] et
o E & |\ /
s )
hapter 4 . .
Literature Review of Synthesize literature related to the
Photopolymer- Primary Research Question
ization Theory,
Proposed Identify gaps in existing literature that
\_Theoretical Model /| yrevent answering the research question
5 4 Ch 5 isti
S w Chapter 5 Form hypotheses based on existing
=T 5 Experimental -
) T 0.9 perir literature
° SR Techniques,
2 £EL3T Results and Critique . o
= 6= and Modification of Establish Methods for validating the
s | L5~ Theoretical Model hypothesis
QL e 0 \ /
5| 82%
§ < é < - CthaftleZG " Perform Experimentation to validate
o o O ecClts of Intensity H
8 < < < on Critical Exposure hypothesis
14 TuUT |\ /
%‘, Draw Conclusions based on experiment
= results
Q
=) Chapter 7 Identify significant contributions
e 7 Project Summary
E 2 o and Future Work Summarize accomplishments related to
£ % = answering each of the research questions
S c =
5; 8 8 Propose future work
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CHAPTER 6 THE EFFECTS OF INTENSITY ON CRITICAL EXPOSURE

As experiments were conducted to validate the Primary Research Hypothesis, it
was discovered that the intensity of the light source altered the results of the
experiment. Specifically, the critical exposure of the photopolymer increased with an
increase in intensity. This is in contrast to traditional beliefs that critical exposure is a
characteristic of the photopolymer and is independent of intensity [1-2]. Previous work in
this area revealed some relationship between the critical exposure of the photopolymer
and the intensity of the incident light; however, the specific relationship was not
described [3]. Further investigation into this phenomena lead to a second research

question:

Secondary Research Question:

How does intensity affect the critical exposure of photopolymers?

This chapter contains the experimental methods and results completed toward

answering the Secondary Research Question.

6.1 Methods

To explore the effects of intensity on critical exposure, two different curing
strategies were utilized. First, a lamp and shutter mechanism was used to cure QD-
doped polymer samples in different thicknesses to develop a working curve for the
polymer at the UV lamp intensity, which is 1.6 mW/cm?. From the working curve, the
critical exposure was extrapolated (Section 5.1.2) and compared with the critical
exposure of the photopolymer under standard PolyJet lamp intensity (20 mW/cm?).

Furthermore, photorheometry was performed for various QD loadings under two
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different intensities. The specifics of the methods and results toward the investigation of

the Secondary Research Question are presented in this section.

6.1.1 Lamp and Shutter Apparatus

A simple way to create film samples and measure their thickness is to expose a
well of polymer to a known amount of UV light, remove the cured polymer film from the
top of the well, and measure the thickness with micrometers. Typically photopolymer
film samples are created with a UV conveyor system, which uses a conveyor to pass
the sample under the lamp for a controlled amount of time. The speed of the conveyor
controls the light dosage received by the sample. Unfortunately, the intensity of this type
of lamp system is significantly higher than the intensity needed to cure PolyJet
photopolymer, which is on the order of 20-50 mJ/cm?®. Therefore, a new method to
generate controlled exposure to the photopolymer was devised in the form of a lamp
and shutter mechanism.

The UV lamp and shutter setup consists of a lamp, shutter mechanism, and
fixtures. An 8 Watt UV lamp with a peak wavelength of 365nm is used, and a locator
bracket is attached to the lamp at its center to ensure that each sample is placed in the
same location under the lamp as every other sample. A small petri dish (30mm in
diameter) is filled with 2 mL of polymer sample and set within the Sample Shroud. The
Sample Shroud ensures that the pool of polymer is only exposed to UV light from the
top and not from the sides. The “shutter” is a slab of black plastic that separates the
polymer sample from the UV lamp above. The shutter is attached to a servo motor,
which is controlled by a microcontroller. Once the sample is ready for exposure, the

microcontroller receives input from the user and sends a signal to the servo motor to
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rotate around 180 degrees. This moves the shutter from blocking the UV light above the
sample and allows the sample to receive UV dosage. At the specified time, the
microcontroller then returns the servo to the initial position, which brings the shutter
back to the position in which the UV light is blocked from the sample again. After the
film is cured, it is removed and patted dry with Chem wipes and then measured in the

center with micrometers. The setup used in this work is depicted in Figure 6-1.

8W UV Lamp

Opened Shutter

Locator bracket

e Servo and Shutter

/

Microcontroller

Figure 6-1: UV lamp and shutter setup used to create thin films

Once the films are created, they are removed from the petri dish, rinsed in
isopropyl alcohol, dried overnight, and measured with micrometers. The cost-
effectiveness and simplicity with regard to equipment setup is the main advantage of
this system. Preliminary results were obtained using this method to determine the
appropriate dosage and concentrations to produce films that were measurably different

in thickness.
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6.1.2 Photorheometery

A Discovery Hybrid Rheometer (TA Instruments; New Castle, Delaware) with a
photo accessory was used to measure the critical exposure of the VeroClear
photopolymer. The combination of the photo accessory and the rheometer is called a
photorheometer. A photorheometer utilizes flow-resistance (viscosity) measurement to
identify the amount of cure of a photopolymer. The sample is placed between the upper
and lower plate of the machine, the upper being made of steel or aluminum and the
lower being made of acrylic or quartz (Figure 6-2). An oscillation is induced on the upper
plate, and equilibrium is achieved for a certain period of time. Once the equilibrium time
has passed, the UV light source is activated and shines through the bottom plate onto

the sample. A diagram of a photorheometer is shown in Figure 6-2.

Oscillates

UpbeerIate :

A'Sample®

Ai:rylicLower Plate

micron
gap

\

\\ I/

UV Light

Figure 6-2: Photorheometer Components
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The instrument then measures characteristics of the polymer, including storage
modulus (G’) and loss modulus (G”). The critical exposure can be identified by
identifying the time between the light activation and the first sign of storage modulus
increase and then multiplying that time by the intensity of the light source. The
advantage of this method is that it is a direct method of measuring critical exposure.

For rheometry in fluids that convert to solids, the resistance to flow is measured
as the storage modulus of the material. The data shown in Figure 6-3 below is a
representative example of data obtained from a photorheological experiment in which
the amount of exposure required to initiate curing (i.e., critical exposure) is identified.
The sample was given a small, sinusoidal oscillation via the upper plate for the first 30
seconds of the experiment to remove static effects. At the 30 second mark, the UV light
source was activated and the sample was illuminated. The oscillation from the upper
plate continued while the resistance to the oscillation was measured. Two intensities
were targeted: 20 mW/cm? and 0.1 mW/cm? These intensities were chose to provide
enough contrast to illustrate the effects of intensity on the critical exposure of the

photopolymer.
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Figure 6-3: Storage Modulus of pure VeroClear photopolymer (three samples)
versus step time

6.2 Experimental Results

6.2.1 Lamp and Shutter Apparatus

Figures 6-4 and 6-5 contain plots of the film thickness verses the QD
concentration for the lamp and shutter assembly and the ySLA machine, respectively.
Eight different QD concentrations (from pure polymer to 0.5 wt% QDs) were evaluated

on both experimental setups. The intensity of the lamp and shutter assembly is
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approximately 1.6 mW/cm?, while the intensity of the uSLA machine is approximately 20
mW/cm? (same as the PolyJet curing lamp).

Comparing the two plots, it can be seen that the data is much less sporadic for
the lamp and shutter assembly than for the uSLA. This is most likely due to the ability to
measure the lamp and shutter film samples with micrometers rather than with a
microscope as was used on the ySLA samples (which was required due to the small
sample size).

Data from the shutter and lamp assembly demonstrated the effects of intensity
on cure depth. It can be seen that films of approximately the same thicknesses required
less exposure on the lamp and shutter assembly than that of the ySLA machine. For
example, the 10 mJ/cm? sample (state cure depth here) in Figure 6-4 shows a greater
cure depth than the 10.6 mJ/cm? sample (state cure depth here), as seen in Figure 6-5.
This is due to the difference in intensities between the two setups, as previously
mentioned. The effect of intensity on critical exposure will be discussed in further detalil

in the next section.

6.2.2 Photorheometer

For rheometry in fluids that convert to solids, the resistance to flow is measured
as the storage modulus of the material. The critical exposure is determined by
identifying the first peak in the storage modulus, which indicates the photopolymer has
begun crosslinking. A major drawback of the photorheometer in identifying critical
exposure is that the crosslinking begins very quickly - usually within the first few

seconds of UV exposure.
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This quick reaction, in combination with the resolution of the data logging
software, makes it difficult to identify the critical exposure with an accuracy of more than
a 1-2 mJ/cm? at an intensity of 20 mW/cm?. Furthermore, for higher concentrations
(Figures 6-6 and 6-7), the storage modulus increases very gradually with exposure and
lacks a distinct peak, which makes identifying the critical exposure difficult for high QD
concentrations.

Measurements were taken via photorheometry on photopolymer-QD mixtures in
multiple concentrations. It was found that the critical exposure increased with increasing
concentration of QDs (in accordance with data presented in Figure 5-11). Samples with
concentrations of 1, 2, and 5 weight percent were exposed to UV light at intensities of
20 mW/cm? and 0.1 mW/cm?, and the dose required to initiate photocuring was noted.
As shown in Figures 6-6 and 6-7, samples with the same QD concentrations have lower
critical exposures with less intensity than with higher intensities. In other words, the less
intense the exposure power, the less total energy is require to initiate the cure.

To our knowledge, the work in Section 6.2.2 constitutes the first use of a
Photorheometer to characterize AM photopolymers. It is noted that critical exposure
data from the photorheometer does not match the uSLA data due to the high and low
pass filters used on the light source of the photorheometer and not on the uySLA. The
high pass filters block wavelengths of light greater than around 450nm, while the low

pass filters block light wavelengths below 350 nm.
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The spectrophotometer data presented in Figure 5-4 reveals that the absorbance
of the photopolymer peaks around 365nm wavelength but also absorbs significantly at
wavelengths below 350 nm. Since the UV lamp used in the PolyJet system represents a
broader spectrum of light, the values of critical exposure obtained from the
photorheometer data are not relatable to actual PolyJet process curing. Thus, results
from the photorheometer data were not used toward validating the Primary Research

Hypothesis.

6.3 Discussion and Roadmap

Historically, it has been cited that that the critical exposure and depth of
penetration terms in the Jacob’s equation are purely a function of polymer resin
properties and can be used universally for any energy intensity [2, 3]. However, a recent
publication proves experimentally that critical exposure (E:) is not independent of
intensity [6]. The experimental setup consisted of a device for measuring the change in
refractive index of the photopolymer as it cures, and the depth to which the refractive
index is measured (thus measuring the cure depth). Upon varying the intensity of
exposure from 20 pW/cm? to 200 uW/cm?, but maintaining the same overall dose of 800
uJicm?, it was found that the critical exposure decreased with increasing intensity.
However, it was not specified whether the actual critical exposure energy decreased or
increase. Therefore, the results in Figures 6-6 and 6-7 constitute the first evidence that

critical exposure of AM photopolymer increases with increased exposure intensity.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK

7.1 Summary of Research

The overall motivation for this work is to develop a method for incorporating
Physical Unclonable Functions (PUFs) into Additive Manufacturing (AM) parts. PUFs
were chosen as the type of security features due to their unclonable nature. Optical
PUFs take advantage of the stochastic nature of randomly dispersed particles in
creating an unclonable pattern of material. Quantum Dots (QDs) were chosen as the
optical PUF particle because of their ability to emit light at a different wavelength than it
is received. This ability to produce a “response” that is distinguishable from the
“challenge” is a critical component of security features. Thus, to develop a process to
create security features within AM builds, QDs were chosen to be dispersed in AM
media (Section 1.3).

In order for the QD signal to be retrievable (optically visible), the QDs must be
dispersed in a transparent media. The PolyJet AM process was chosen because of its
ability to process transparent materials as well as process multiple materials in one
build layer. PolyJet uses inkjet technology to deposit liquid photopolymer in a layer on a
build surface. In Polyjet, a UV lamp passes over the layer after it is deposited to cure
the photopolymer into a solid. Just as a document inkjet printer can process multiple
colors, PolyJet can process multiple materials in a single build. This multiple-material
capability set PolyJet apart from other AM technologies and also provides the
opportunity to embed the QD PUFs within a part to avoid making the entire part from the
QD PUF material. Furthermore, incorporating QDs in the PolyJet media provides an

opportunity to embed PUFs without the need for a separate embedding process; the QD
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PUFs can be created as part of the AM build. Thus, the Overall Project Goal can be

stated as follows:

Overall Project Goal: Create Physical Unclonable Functions via PolyJet 3D

Printing of Quantum Dots

To reach this goal, the effects of QDs on the PolyJet process must be understood.

Subsequently, the Overall Research Question encompasses this need:

Overall Research Question: How Do Quantum Dots Affect the PolyJet

Process?

Qualifying Questions are formed to guide feasibility analysis of incorporating QDs
in the PolyJet process, which are discussed in the next section. A Primary Research
Question is also formed to guide understanding of how QDs affect the PolyJet process,

which is discussed in Section 7.1.2.

7.1.1 Qualifying Questions

Before investigating the effects of QDs on the PolyJet process, it was necessary to
determine the viability of PUF creation via PolyJet. Specifically, it was necessary to
validate that QDs are visible within cured PolyJet photopolymer. Considering this

constraint, Qualifying Question 1 was formed (Section 2.2):

Qualifying Question 1 (QQ1): What concentration of QDs within PolyJet media

is necessary to provide readily visible fluorescence to the naked eye?
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The key feature of an optical PUF is a pattern of discrete objects or light
signatures that can be readily recognized with some type of optical imaging. For QDs in
PolyJet Photopolymer, this means that the QDs must be recognizable via fluorescent
(FL) microscopy. FL microscopy uses specific wavelengths of light to excite an object
and uses filters for certain wavelengths of light to filter around the emitted signal. With
FL microscopy, the QDs can be excited with UV light and their emission in the visible
light spectrum can be detected. To answer QQ1, QDs were dispersed in PolyJet
photopolymer, ink-jetted onto a substrate, cured into a solid, and imaged via DSLR
camera and FL microscopy. In the FL images the QDs can be readily seen in
distinguishable patterns within the inkjet droplets (Section 2.4, repeated in Figure 6-1

below for convenience).

Figure 6-1: Drops of QD-doped photopolymer deposited onto a substrate shown
under UV light (also used in Chapter 6)
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Techniques to improve the visibility of the QDs below the surface of the cured
photopolymer were investigated by embedding the QDs within PolyJet prints and
treating the sample surfaces (Section 2.3). These experimental methods provided the
answer to QQ1: adding QDs to PolyJet media was a feasible means of creating PUFs

within an AM process.

Since PolyJet utilizes inkjet technology to deposit the build material, it was critical
that the addition of QDs in the media did not affect the jettability of the media.

Therefore, Qualify Question 2 was proposed (Section 3.1):

Qualifying Question 2 (QQ2): Can the Quantum Dots be added to the PolyJet media

and successfully ink-jetted without a significant change in jetting behavior?

To answer QQ2, QDs were added to PolyJet photopolymer in varying
concentrations (up to 5 wt%) and characterized rheologically. The values for surface
tension and viscosity of the QD-doped media were compared to that of the pure
photopolymer, and it was found that the addition of QDs in up to 5 wt% did not
theoretically affect the jettability of the photopolymer (Figure 3-6). A single nozzle inkjet
test stand was used to create inkjet droplets from the QD-doped media and image the
droplet shape as the droplets traveled out of the nozzle. Experimentation with an inkjet
test stand proved that the QD-doped polymer's jetting characteristics were not
significantly different from the jetting characteristics of the pure polymer. Thus, the
feasibility of processing the QDs within the inkjet step of the PolyJet process was
established toward answering QQ2. These results were published in the peer-reviewed

journal, Advanced Engineering Materials [5].
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7.1.2 Primary Research Question, Hypothesis, and Validation

Beyond the visibility and jettability of the QDs within the PolyJet photopolymer
lays the final step of the PolyJet process, which is curing of the photopolymer media.
For this process it becomes necessary to understand the interaction of the QD
nanoparticles and the photopolymer components during photopolymerization. Thus, the

Primary Research Question was formed:

Primary Research Question (PRQ): How do QDs affect the photopolymerization of

PolyJet resin?

To answer the Primary Research Question, a literature review was performed to
identify potential mechanisms by which the QDs could affect photopolymerization
(Chapter 4). It was found that either Rayleigh or Mie scattering would most likely be the
dominate effect on photopolymerization energy. Determining which mechanism was
dominant required characterization of the QDs within the photopolymer.
Characterization of the QDs was performed in the form of spectrophotometry and SEM
imaging of QD doped films (Section 5.2). It was found in the spectrophotometry data
that the dominant scattering mechanism was Mie scattering, which is caused by
particles much larger than the wavelength of incident light. This result was corroborated
by the SEM imaging (Figure 5-6) that revealed QD agglomerates with an approximate
average diameter of 20 microns.

It was hypothesized that employing the theoretical scattering efficiency of the
QDs could predict the amount of exposure light being scattering and thus predict critical

exposure of the QD-doped photopolymer based on QD loading. A theoretical model was
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created to describe the scattering efficiency of the QDs in their agglomerated form

(Section 5.2.4):

Primary Research Hypothesis (Final Version): The critical exposure of PolyJet

photopolymer increases linearly with an increase in the natural logarithm of weight
percent loading of QDs. The scattering efficiency can be modeling using a Mie

scattering term and empirical constant.

4'pmedia <2T[d)i
E, = Eqoy In(wto =" Oies  Quic = 2 An?
¢ co¥ n(W /0), Y 3dpparticles QMle QMle /10 : (5-7’ 5-
j 8, 5-9)
4‘pmedia <2nd>l 7
E.x E An? In(wt)
¢ 0 3dpparticles Ao
(5-6)

where E; is the theoretical critical exposure, E;, is the critical exposure of pure
photopolymer, y is the overall scattering efficiency, Q is the scattering coefficient, d is
the average QD particle diameter, Pparicies IS the QD density, Pmedia is the photopolymer
density, 4, is the wavelength of incident light, An is the value of refractive index of the
QDs minus one, and wt is the concentration of QDs in weight fraction.

To verify the proposed curing model, curing characterization was performed by
exposing QD-doped polymer in varying concentrations to varying doses of UV light. By
plotting the cure depth against the exposure level, the working curves for the various
QD concentrations were obtained. From the working curves, the values for depth of
penetration and critical exposure of the QD-doped photopolymer can be obtained and
were investigated for trends. Historically, the depth of penetration term has been the
focus of scattering models for AM particle-doped photopolymers because

photopolymers are typically used in Stereolithography. However, plotting the critical
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exposures of the photopolymers with varying QD concentrations revealed a linear
relationship between the critical exposure and the natural logarithm of the QD
concentration (Figure 5-10). As shown in Figure 5-10, curing characterization via micro-
stereolithography revealed a linear relationship between the critical exposure of the
photopolymer and the weight loading of QDs (Section 5.2.3). This increase in critical

exposure can be explained by scattering properties of the QDs.
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Figure 5-10: Critical Exposure values from working curves in Figure 5-8
(also used in Chapter 5)

To validate the Primary Research Hypothesis, a calculation was performed with

nominal values for each of the variables (Table 5-5).
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Table 5-5: Values Used in Primary Research Hypothesis Validation (also
used in Chapter 5)

Critical Exposure of Pure Polymer 2.69 mW/cm? (Section 5.2.3)
Average Particle Diameter, d 20 micron (20,000 nm)
Density of Particles, pparcicies 5.82 glcm? [1]

Density of Polymer, pmeaia 1.08 g/lcm? (measured)
Wavelength of Incident Light, 2, 365 nm (Objet Lamp)
Difference in Refractive Index of polymer and 165 [2]

QDs, An

Empirical Term, i 1.821

) An? In(wt)

4'pmedia (Zﬂd
E.= E
¢ 0 3dpparticles Ao 5-6)
— 2.69 401085 (2”(20000 nm))llgm 1.65)2 In(wt) = 3.77In(wt
= 2. 365 o (1.65)% In(wt) = 3.77In(wt)

g
3(20000 nm)(5.86 —3)

Table 5-5 shows that the In(wt) coefficient equals 3.77, which is the same value
found in the logarithmic curve fit equation in Figure 6-2. Thus, using an appropriate
value for the empirical term /, the critical exposure of particle doped PolyJet polymer can
be approximated.

In addition to the curing data, a sensitivity analysis was performed to explore the
impact of deviations in each variable in the Primary Research Hypothesis. It was found
that the empirical term / had the highest sensitivity by far, with the particle diameter
being the second highest in sensitivity. A comparison of the sensitivity of each variable

is providing in Section 5.3.2.
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7.1.3 Secondary Hypothesis: The Effects of Intensity

Chapter 6 contains a discussion of findings related to the effect of intensity on the
critical exposure of PolyJet photopolymer. Traditional knowledge holds that the critical
exposure of a photopolymer is independent of intensity. However, photorheometer data
presented in Section 5.4 shows that critical exposure increases as intensity increases.
In other words, for higher exposure intensities, the critical exposure energy is higher.
Thus, this discovery contributes to understanding of the role of intensity of PolyJet

photopolymers.

7.2 Research Contributions

7.2.1 First Work to Integrate Nanoparticles in PolyJet Resin

The work in this dissertation constitutes the first reported attempt to integrate
nanoparticles in PolyJet resin and characterize the effects on visibility, rheology,
inkjetting, and photopolymerization. QDs incorporated within the PolyJet polymer
showed evidence of agglomeration and settling, and functionalization of the QDs was
shown to decrease agglomeration. The results from this work pave the way for future

efforts to incorporate particles into PolyJet Direct 3D printing.

7.2.2 Validation of QD visibility within PolyJet Resin
In answering QQ1, it was proven that QDs can be seen within clear PolyJet resin

on a macroscopic level:

Qualifying Question 1 (QQ1): What concentration of QDs within PolyJet media is

necessary to provide readily visible fluorescence to the naked eye?
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Furthermore, fluorescent microscope images reveal that discrete QD
agglomerates are readily detectable in patterns characteristic of PUFs (Section 2.3.5).
Finally, processing techniques were explored for their effects on the visibility of the QDs
within the PolyJet polymer, and it was found that factors such as print settings, post-
processing techniques, QD concentration, PUF geometry, and functionalization affected
the visibility of the QD PUF patterns as well as the appearance of the PUFs under UV
light to the naked eye. This visibility analyses is a step toward establishing process
settings for creating PUFs via PolyJet of QD-doped photopolymers. The results from
this work can also be generalized for improving visibility of PolyJet clear resins through

appropriate post-processing.

7.2.3 Validation of Jettability of QDs in Polyjet Resin

The work described in Chapter 3 constitutes the first attempt to inkjet QD-doped PolyJet

resin. This work is framed by QQ2:

Qualifying Question 2 (QQ2): Can the Quantum Dots be added to the PolyJet media

and successfully inkjetted without a significant change in jetting behavior?

Rheological measurements were taken to verify that the addition of QDs to PolyJet resin
did not significantly change the jettability of the resin (Sections 3.4.1 and 3.4.2).
Calculations for jettability based on the rheological measurement revealed no significant
change in jettability (Section 3.4.3). Ultimately, QQ2 was validated by the successful
jetting of QDs in up to 0.5 wt% (Section 3.4.3). This work was published in a peer-

reviewed journal, Advanced Engineering Materials [3].
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7.2.4 Model for Critical Exposure
The Primary Research Hypothesis (Equation 5-6) constitutes the first attempt to
predict the critical exposure of a photopolymer based on particle loading for PolyJet

photopolymers.

Primary Research Hypothesis (Final Version): The critical exposure of PolyJet

photopolymer increases linearly with an increase in the natural logarithm of weight
percent loading of QDs. The scattering efficiency can be modeling using a Mie

scattering term and empirical constant.

4Pmedia <2nd)l' (5-6)
E.x E An? In(wt)
‘ &0 3dpparticles Ao

The model incorporates light scattering theory, light scattering characterization of
the QDs within the photopolymer, curing characterization of the QDs within the polymer,
and AM photopolymer curing theory. The theoretical model and characterization
methods for the effects of QDs on AM photopolymer curing constitute new knowledge in
the area of curing of particle-doped photopolymers. Such a theoretical model provides
the necessary information for the PolyJet process parameters (e.g., exposure) to be set
to process QDs to fabricate AM PUFs. In addition, the model also benefits applications
including QDs and photopolymers, such as printed electronics. Furthermore, the model
proposed in this work serves as a stepping stone for future work in the area of particle-

doped PolyJet materials.
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7.2.5 Evidence of the Effect of Intensity on Critical Exposure

In addition to the Primary Research Hypothesis, data from the cure depth samples
show that the critical exposure changes for varying intensities of incident light (Chapter
6). It was found that photopolymer cured at an intensity of 20 mw/cm”2 had a critical
exposure of around 100 mJ/cm”2 while the same polymer cured at an intensity of 0.1
mW/cm?2 had a critical exposure of around 2.5 mJ/cm”2. This discovery conflicts with
traditional understanding which holds that critical exposure is a characteristic of the
photopolymer independent of intensity [4-5]. Furthermore, to our knowledge this is the
first use of a photorheometer to characterize the curing properties of AM
photopolymers. Thus, the scientific contribution of this work is the understanding that

critical exposure is affected by the intensity of the incident exposure light.

7.3 Limitations and Future Work

The limitations of this work are discussed in this section along with the
corresponding future work needed to reduce those limitations. The limitations include
creating a stable dispersion of QDs within the polymer, modelling the x-intercept found
in the curve fit of the critical exposure (Figure 6-2), measuring the index of refraction of
the QDs and the photopolymer, completing a similar curing characterization with more
materials, printing QDs with PolyJet equipment, and finally, creating a system to

identify, store, and retrieve PUF patterns created by QDs dispersed in photopolymer.

7.3.1 Stabilize QDs within the Polymer
Functionalization was performed on the QDs in effort to decrease the amount of
agglomeration and improve the stability of the QDs within the polymer. However, QD

agglomerates with diameters of several microns were seen in the SEM imaging.
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Fortunately, filters on the polymer feed lines to the printhead remove such large objects.
Settling, however, is still an issue since the QDs settle out of the polymer within 5 days
(Appendix). Therefore, a strategy to stabilize the QDs within the polymer is needed.
Strategies for accomplishing stability include formulating a polymer with a density that is
comparable to QD density or including a dispersant in the polymer that does not

significantly affect curing or jetting properties.

7.3.2 X-intercept of Theoretical Model

In fitting a logarithmic function to the curing data in Figure 5-10, a constant is
formed that describes the x-intercept of the function (Equation 6-1).

y = 3.7701 x In(wt) + 7.994 (6-1)

The model proposed in the Primary Research Hypothesis is limited in that this X-
intercept term is not modeled. Theoretically, the x-intercept of the model is where critical
exposure equals zero for a certain QD loading, which is not achievable. Using the rules
of natural logarithms, the constant can be incorporated into natural logarithm term.
Equation 6-2 states the product rule for natural logarithms and Equations 6-3 and 6-4

are the original and modified versions of the Figure 5-6 curve fit, respectively.

y =In(a * b) = In(a) + In(b) (6-2)
y = 3.7701 x In(wt) + 7.994 (6-3)
y = 3.7701 * In(8.33 * wt) (6-4)

Thus, future work should include the investigation and modeling of this x-intercept

term.
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7.3.3 Refractive Index Measurement

The difference in refractive index (An) between the particles and the photopolymer
(An = Npanicles- Npoiymer) Plays a role in the scattering efficiency of the particles.
Experiments were attempted in this work to measure the index of refraction of QD-
doped photopolymer in varying concentrations via a thin film, broad spectrum
refractometer to ultimately extrapolate the index of refraction for 100% QDs. However,
measurements failed due to the agglomeration of the QDs within the polymer and the
resistance of the pure photopolymer to be cured into a thin film without significant
peeling. The agglomeration caused inhomogeneity within the sample to a point that
accurate measurements were not achievable. As a result, a value from the literature
was used for the refractive index of QDs, and an n-1 term was used in the model
instead of Nparticies Npolymer-

To increase the accuracy of the Primary Research Hypothesis, the refractive index
of the particles and the polymer should be measured. This should be accomplished with
a UV refractometer that accepts liquid samples and can measure with low intensity (to
avoid curing the photopolymer during the measurement). The QDs should be measured
in pure, powdered form or dispersed (without agglomeration) in liquid in varying

concentrations.

7.3.4 Measurements with Additional Materials

Curing measurements were taken on QD-doped samples with 0.5, 1, 2, and 5
weight percent loadings of QDs. Do to the expense of the QDs material, additional
concentrations were not examined. To further validate the Primary Research

Hypothesis, additional concentrations such as 10 and 20 wt% should be explored for

164

www.manaraa.com



scattering and curing properties. Furthermore, additional materials should be explored
to determine whether the linear trend between critical exposure and natural logarithm of
QD loading (Figure 6-2) is due to the presence of QDs or if the same trend would occur
with another type of material such as ceramic particle. In addition, the curing
experiments should be performed using stereolithography resin instead of the PolyJet
resin to determine whether the photopolymer composition is the driving factor behind

the change in critical exposure with particle loading and not depth of penetration.

7.3.5 Investigate Chemistry between Polymer and QDs

In investigations to determine the role of QDs in photopolymerization, Barichard
and authors determined that QDs can trap co-initiators on their surfaces [7].
Furthermore, it was found that QDs can serve as photoinitiators when in the presence of
certain types of polymer compounds. In addition to light scattering, these effects could
also contribute to the decrease in critical exposure with increasing QD concentration. To
develop a more robust model to predict the effects of QDs on photopolymerzation,

taking the chemical role of QDs in photopolymerization is necessary.

7.3.6 3D Print QDs for the Creation of PUFs

The work in this dissertation serves as a starting point for creating PUFs in AM
builds. The conclusions reveal the feasibility of such an endeavor as well as a model to
predict the amount of energy required for curing (critical exposure). It has been shown
in this work that concentrations of QDs sufficient to produce PUF patterns are
inkjettable. Furthermore, the energy needed to cure the QD-doped polymer has been

modeled. To reach the final goal of this work, future work includes creating PUFs by

165

www.manaraa.com



incorporating QDs into PolyJet media for the creation of embedded PUFs. The process

for incorporating QDs into existing PolyJet equipment is outlined in Chapter 1.

7.3.7 Create systems to recognize, record, and store PUF information

As detailed in Chapter 1, security functions require an excitation signal and an
output signal as well as components to emit and receive those signals. A method such
as fluorescent microscopy will be needed to excite the QDs and detect their individual
light signatures. Once the QDs are detectable, a computer algorithm will be needed to
analyze the images and encode the spatial arrangement of the QDs into a storable
form. Finally, a method of retrieving the stored security information will be needed.
Other work includes developing systems to identify, track, and store AM PUF patterns

as well as geometric design and place of the PUFs within AM build geometries.
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APPENDIX A

Working Curves: uSLA Data

The data presented in section are the working curves formed from the cure depth

samples created by the uSLA machine. These working curves were averaged and their

critical exposures were calculated and plotted in Figure 5-10.
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VeroClear with 0.5 wt % QD Loading
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VeroClear with 1 wt % QD Loading
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VeroClear with 2wt % QD Loading
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