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Abstract

Two widely used polymeric additive manufacturing (AM) techniques are powder bed
fusion (PBF) and fused filament fabrication. These techniques enable the creation of complex
geometries from digital models in a layer-by-layer fashion. However, structures created using
these methods often exhibit weak mechanical performance and anisotropy compared to those
produced by traditional manufacturing techniques, such as injection molding. Factors such as
poor interlayer and interparticle adhesion, residual stress, large voids, and insufficient chain
entanglement between layers contribute to the inferior mechanical performance and anisotropic
behavior of parts processed by AM. Additionally, the range of polymeric feedstocks available for
AM techniques is limited. To address these issues, this dissertation applies polymer science
principles to design polymeric materials by controlling their molecular characteristics to form
robust structures using polymeric AM. In Chapter 2, the coalescence in polypropylene (PP)
powders is enhanced by blending low molecular weight (LMW) PP with high molecular weight
(HMW) PP. Using the Hopper coalescence model, the results indicate that the viscosity of the
powder and extensional flow dominates the coalescence process. In Chapter 3, the impact of
blending LMW with HMW PP on the properties of structures processed via PBF are examined.
The results demonstrate that structures formed from the PP MW blend exhibit reduced void
space, increased crystallinity, and improved thermomechanical behavior compared to those
printed from neat HMW PP powders. Chapter 4 employs liquid-liquid phase separation to create
powders that are blends of polycarbonate (PC) and PP matrix, with the goal of correlating the
presence of PC in the powder on the crystallization of PP in the PBF process. The results reveal
notable variation in the crystallization behavior and crystal structure of PP, including an

accelerated crystallization rate and reduction in lamellar thickness. Finally, Chapter 5 examines



the effect of ultraviolet (UV) light on the material extrusion AM of PC. UV exposure causes
fragmentation of PC chains, creating smaller chains that facilitate interlayer diffusion, reduce
interlayer voids, and strengthen the PC-printed parts. Ultimately, the feedstock formulation
protocols presented in this dissertation offer straightforward and cost-effective approaches to

develop and produce mechanically robust polymeric structures using AM techniques.
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Chapter 1: Introduction
An Introduction to Additive Manufacturing

Additive manufacturing (AM), also known as 3D printing, is a revolutionary technology
that enables the creation of three-dimensional objects from digital models.!? Unlike traditional
manufacturing methods that involve subtractive processes, where materials are removed to create
the desired shape, 3D printing builds objects layer by layer, adding material until the desired
shape is achieved.! This process offers unprecedented design freedom, allowing for the
production of complex geometries and customized products with relative ease.

The process of 3D printing begins with the creation of a digital 3D model of the desired
structure using computer-aided design (CAD) software.** This digital model serves as the
blueprint for the physical object. The digital model is then exported into a slicing software,
where the software slices the model into numerous thin horizontal layers and generates the
corresponding G-code instructions that the 3D printer can read and fabricate the desired structure
layer by layer.>*

Additive Manufacturing Techniques and Application

Various AM technologies, including powder bed fusion, material extrusion, vat
photopolymerization, sheet lamination, material jetting, binder jetting, and directed energy
deposition have been developed ° to print a diverse range of materials, including polymers,
ceramics, metals, composites, wood, glass, and even foodstuffs.® 3D printing is utilized in a wide
variety of industries and applications, including aerospace, medicine, prototyping, hobbies, and
education.’

3D printing is a promising technology, but it has its challenges. A significant issue,
particularly with the material extrusion 3D printing, is the anisotropic behavior of the fabricated

parts.®? Anisotropy in 3D printing refers to the variation in mechanical properties when



comparing the properties of parts printed in orthogonal directions, for instance in the longitudinal
direction (parallel to the bed, XY direction) vs. in the transverse direction (perpendicular, Z
direction), as illustrated in Figure 1. ® This problem arises due to poor polymer chain diffusion
and insufficient chain entanglement across adjacent layers during printing, and the presence of
void spaces between printed layers.!? Consequently, weak interlayer bonds form within the
printed object, leading to structural weakness of printed parts in the perpendicular direction
compared to parts printed in the longitudinal direction.®!°

Previously, numerous researchers have focused on optimizing printing parameters to
reduce anisotropy and enhance mechanical properties in 3D printed parts.'® However, adjusting
print settings yields only marginal improvements in the mechanical properties of the printed
components and minor reduction in anisotropic behavior.'® As a result, current studies have
shifted focus towards material design and simple modifications of the printing process to better
address structural anisotropy in the final printed structures.* 19

Another major drawback associated with 3D printing is the limited variety of materials
available for printing.!!"!3 Although tens of thousands of polymers have been optimized for
traditional manufacturing methods like injection molding, only about 30 are suitable for polymer
powder bed fusion.'® The limitations in 3D printing feedstocks stem from several factors,
including the need for materials compatibility with specific printing technologies, the required
performance characteristics of the final product, and the cost of producing these feedstocks. For
successful 3D printing, materials must be developed to exhibit suitable service properties

compatible with specific techniques.'* This often requires specific formulations to tailor the

intrinsic and extrinsic properties of the feedstocks to ensure successful printability and desired



Figure 1. Printed layer orientations in Z-direction (right) and XY-direction (left).®



printed part properties. Developing feedstock formulations tailored for 3D printing is challenging
and expensive, and it remains a key research area in additive manufacturing.'*

To address this issue, this dissertation provides fundamental information that fosters the
development of new polymeric materials suitable for powder-based and extrusion-based additive
manufacturing. This dissertation utilizes fundamental principles of polymer science to design and
control the molecular characteristics of polymeric feedstocks, rather than altering printing
parameters, to enhance the quality and mechanical performance of 3D printed structures.
Principles of Powder Bed Fusion Additive Manufacturing

Powder Bed Fusion (PBF), also known as selective laser sintering, is continuously
evolving as a crucial and transformative technology in the field of additive manufacturing. It
drives innovation and opens new possibilities for designing and producing complex features that
are difficult to fabricate with traditional injection molding techniques.'>!'® Currently, PBF
additive manufacturing is utilized not only in prototyping but also in fabricating functional,
complex structures used in the aircraft industry and medical field.!>!8

As the name implies, PBF involves using powder feedstocks in the fabrication process,
where laser energy selectively fuses and melts the powder particles layer by layer to create a
three-dimensional object.'® These powder feedstocks can be ceramic, metal, or thermoplastic.!> A
thorough understanding of the relationship between the powder characteristics and the PBF
process is fundamental to achieving robust final printed part performance. A typical polymer
PBF additive manufacturing process involves the following steps in sequence:

(1) Powder deposition and preheating: The powder bed is preheated up to a part bed

temperature (Tb), then a thin layer of powder is spread across the build platform using a

recoating blade or roller. For semicrystalline polymers, Tb is set close to the material's

melting temperature, while for amorphous polymers, it is set close to the glass transition



temperature. Tb is the controlled temperature of the powder on the build platform during
fabrication, which helps reduce laser power requirements and minimize distortion in the
printing process. %20

During the powder deposition process, layers of powder are spread sequentially
without applying external pressure.?* Achieving homogeneous and densely packed layers
is crucial for producing dense and high-performance printed structures.?? The physical
characteristics of the powder, particularly its particle size and shape, significantly
influence the quality of each deposited layer.?!?? Spherical particles are known to
enhance packing efficiency due to their superior flowability, resulting in a more uniform
and tightly packed bed compared to irregularly shaped particles.?
Scanning of the polymer layer by laser: After the powder deposition and preheating
stage, a laser scans over the powder, selectively melting and consolidating the powder
particles according to the pattern specified by the cross-sectional slice of the CAD file.
The energy supplied by the laser is typically quantified by energy density. Energy density
is a composite value that incorporates several key printing parameters of PBF machines,
including laser power, beam velocity, hatch spacing, and laser diameter.?223

To consolidate powder particles using a laser, the laser must interact with the
powders through reflection, absorption, and transmission.?! This interaction melts the
powder, forming a melt pool.?? The consolidation of particles in the melt pool is governed
by droplet coalescence during the printing process. The degree of coalescence determines
the final properties of the printed parts. Insufficient coalescence leads to poor
interparticle fusion, large voids in the printed structures, and weakened mechanical
strength of the parts. Thus, controlling the molecular characteristics of polymeric

feedstocks to improve coalescence and decrease void space is imperative to producing



robust parts in powder bed fusion process. The rate of coalescence of polymeric materials
in PBF process is inversely proportional to the material's viscosity.?* Thus, polymers with
low melt viscosity are ideal for the PBF process. Reducing the viscosity to an appropriate
range for PBF process can be achieved by controlling the molecular weight of the
polymer.2*
(3) Lowering the build platform: Once the consolidation of first layer is completed, the build
platform lowers by one layer thickness (10-300um) and a fresh layer of powder is
deposited onto the pre-sintered object.!®
(4) Repeating the process: Steps 2 and 3 are repeated until the entire object is built. The
unsintered powder acts as a support material, eliminating the need for additional support
structures.*
An illustration of a typical polymer PBF fabrication process is shown in Figure 2.
Thermally Induced Phase Separation for Polymeric Powder Formation for PBF

An essential aspect of creating a new material for PBF is the production of powder
particles that are appropriate for the process. Various production approaches, including cryogenic
grinding and melt emulsification, have been employed to create powder feedstocks for PBF.?6-%
However, cryogenic grinding often results in irregularly shaped particles and poor particle
distribution, which can negatively impact PBF processability and weaken the mechanical
properties of the fabricated structures.?”-*® Melt emulsification techniques require more complex
equipment and make the removal of surfactant challenging.?’

A viable and economical method to produce polymeric powders suitable for the PBF
process is thermally induced phase separation (TIPS).!*!%26-2 The process of TIPS begins by
dissolving the polymer in a suitable solvent at an elevated temperature. Upon cooling the

polymer solution, liquid-liquid phase separation followed by particle nucleation and growth and
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Figure 2. A diagrammatic representation of laser powder bed fusion printing process. 2°



precipitation occurs.?’ After the TIPS process, the solvent is typically removed through filtration,
leaving behind the polymer powder with tailored properties.'® By carefully controlling the
cooling temperature, polymer concentration, solvent composition, and polymer molecular
weight, TIPS can produce powders with tailored properties, including spherical powders with
smooth surfaces and appropriate particle sizes ideal for the PBF process.!*!>!

Chapters 2-4 of this dissertation present the results of studies employing the TIPS method
to create tailor-made polymer powders for PBF, including polypropylene, polycarbonate, and
polypropylene-polycarbonate blend powders. Forming these powders from various polymers
with a wide range of molecular weights expands the polymeric materials library for PBF
printing, addressing a current limitation and opening new avenues for advancing PBF application
fields.

Principles of Material Extrusion Additive Manufacturing

Material extrusion additive manufacturing, also known as melt extrusion additive
manufacturing, is a 3D printing technique where material is precisely dispensed through a 3D
printer nozzle during fabrication.*!%?-3% A common example of this technology is fused filament
fabrication (FFF).** In FFF, a thermoplastic filament is fed through a heated nozzle, melted, and
then extruded. The 3D printer's nozzle head moves to deposit the molten material onto the build
plate according to G-code instructions for each layer. This process is repeated layer by layer until
the entire object is fully formed.*!° A schematic diagram of the FFF process is shown in Figure
3.

As previously mentioned, a significant limitation of objects produced by FFF is the
anisotropy in material properties compared to those created using the PBF process.!*> One

primary reason for this is the limited entanglement of polymer chains between filaments at the



Heater
oo i ./

Filament spool

3D print
Printing platform

Figure 3. Schematic of fused filament fabrication process.’



interlayer interface, leading to significantly weaker adhesion between filaments compared to the
stronger interparticle bonding observed in the PBF process. !>

Previous studies by Levenhagen et al. and Perryman et al. in our research group applied a
material design strategy to mitigate anisotropy in FFF-printed structures and enhance their
mechanical properties. Levenhagen et al. employed ultraviolet (UV) irradiation to induce
crosslinking in bimodal blends consisting of end-functionalized linear and three-arm
poly(lactide) (PLA), along with linear PLA in the FFF filament.?! Their findings demonstrated
significant enhancement in the transverse maximum tensile stress of the printed parts, aided by
0.5% 2,2-dimethoxy-2-phenylactophenone photoinitiator incorporation and exposure to UV
light. This improvement is attributed to the formation of covalent bonds between layers,
facilitated by the diffusion and reaction of low molecular weight reactive species at the
interfilament interface during the deposition process.’! Levenhagen et al. also demonstrated that
integrating surface-segregating materials into acrylonitrile-butadiene-styrene (ABS) filaments
accelerates polymeric diffusion and interlayer adhesion between filaments, thereby enhancing the
isotropic performance of the FFF printed structures.® Perryman et al. found that introducing
crosslinkers between ABS filaments during the deposition process reduces the anisotropic
performance of the FFF fabricated structures.'”

While the material design strategies employed by Levenhagen et al. and Perryman et al.
decrease the anisotropic performance of FFF fabricated structures and enhance their mechanical
properties, the design strategies are associated with several challenges. These include the
complex synthesis process of the new feedstocks, which can be costly and time-consuming, and
the requirement for specific delivery methods to introduce crosslinkers to the interfilament
interface, complicating the printing process. Thus, simplification of material design will improve

the manufacturing efficiency in the FFF process and the resulting mechanical performance of the
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printed parts. Chapter 5 of this dissertation presents a cost-effective protocol that enhances the
quality and mechanical performance of polycarbonate printed by the FFF process, where
synthesizing additional materials, utilizing additives, or employing crosslinkers are unnecessary.
Impact of Coalescence of Polymeric Feedstocks on Additive Manufacturing

Coalescence refers to the process where individual particles or layers of material merge
together to form a single homogenous body. The extent of coalescence of polymeric feedstocks
during printing significantly impacts the quality and properties of objects produced through 3D
printing techniques, including PBF and FFF.?!?232-37 When polymeric feedstocks coalesce
effectively during printing, the resulting material exhibits better bonding between layers, leading
to enhanced durability and reduced likelihood of defects such as large voids in the printed
structures.>* Thus, understanding and controlling the physics of coalescence process is vital to
advance additive manufacturing technologies, which may enable the production of high-quality
parts with tailored properties for specific applications.

In 3D printing, the joining formation process through coalescence involves surface
contact, followed by neck formation, and finally neck growth with molecular diffusion at the
interface.>*> These processes are illustrated in Figure 4.>* Neck growth occurs through two
modes: the initial zipping mode, driven by adhesive intersurface forces, followed by the
stretching mode, driven by curvature-based surface tension forces.*>*%*° The quality of the
adhesion between surfaces depends on the extent of neck growth??; the larger and more
developed the neck, the stronger the adhesion. The coalescence of particles is driven by two

temperature-dependent properties: surface tension ( I' ) and zero-shear viscosity (1) of the

polymer,>!*23 as described by the Frenkel model shown in Equation 1.
; 1
It \z
Y _ ( ) Eq.1
ap, \2ao7)o
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Figure 4. Bond formation process via coalescence: (1) Surface contact; (2)
Neck formation; (3) Neck growth with molecular diffusion at the interface.>*
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In Equation 1, a, is the particle radius, y is the particle neck radius, al monitors the neck
0

growth, and t is the coalescence time.?"?? Achieving sufficient coalescence between filaments in
the FFF process and between powder particles in the PBF process will benefit from a polymer
feedstock with sufficiently low viscosity to enhance material flow.* In injection molding, high
shear rates are applied to the molten polymer, reducing its melt viscosity and facilitating flow to
completely fill the mold. In contrast, PBF imposes no shear on the molten polymer. Therefore,
particle coalescence depends on the zero-shear viscosity of the polymer melt at the processing
temperature. 22 The surface tension of a polymer does not vary significantly with temperature and
molecular weight.?!4-*2 In contrast, the zero-shear viscosity (1) of a polymer is highly

dependent on its molecular weight (Mw) as described by Equation 2, where k is a constant.*

Mo = k Mw34 Eq.2

Studies have shown that the polymer flow during the particle coalescence process is extensional
rather than shear flow.****> Therefore, when analyzing and predicting the extent of coalescence
in PBF, one should consider the polymer properties that are relevant to extension flow, such as
extensional viscosity at low rates.>*** Although extensional viscosity is often difficult to measure
experimentally, the Trouton ratio can be used to approximate extensional viscosity (1, ) from

shear viscosity at low shear rates, as shown in Equation 3.33434

Trouton ratio = % Eq.3
0

Importance of Polymer Diffusion in Additive Manufacturing
Polymer diffusion plays a crucial role in FFF additive manufacturing, significantly
influencing the mechanical properties and quality of the final printed structures.®>° In FFF, a

thermoplastic filament is heated and extruded layer by layer to build a part. During this process,
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polymer chains must diffuse across the interfaces of adjacent layers to form interlayer
entanglements and strength.*® Effective diffusion of polymer chains ensures stronger interlayer
strength, improved coalescence and entanglement across interfilament interfaces, and reduced
voids, thereby enhancing the overall structural integrity and mechanical performance of the
printed object.®*%6 One crucial polymer property that profoundly affects its diffusive behavior is
its chain length, its molecular weight. In fact, it is understood that smaller polymer chains diffuse
more rapidly compared to larger polymer chains, where Equation 4 shows that the diffusion
coefficient (D) of a polymer is inversely proportional to the square of its molecular weight

(Mw).¥

D~ Mw™2 Eq.4

Equation 5 illustrates that D is directly proportional to the distance (X?) that the center of mass of

a polymer chain diffuses over a given time (t) in three dimensions.*®

x*=6Dt Eq.5

Equations 4 and 5 quantify the extent to which, that, under identical experimental conditions,
larger polymer chains take longer to diffuse across or between interlayer interfaces, as they will
transverse a shorter distance than smaller polymer chains within the same timeframe.
Impact of Polymer Crystallization on Additive Manufacturing

When polymers are heated and then cooled during the AM process, they may undergo
crystallization in the temperature range between the glass transition and melting temperatures of
a semi-crystalline polymer. During the crystallization process, the polymer chains align into
ordered structures on molecular length scales.* When crystallization occurs, the resulting crystals
inhibit the diffusion of macromolecular chains during coalescence, leading to weaker interlayer

or interparticle interfaces and consequently poor mechanical properties in the printed
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components.?>?*333% Studies have shown that a high degree of crystallinity and the formation of
larger crystals during the 3D printing process results in significant dimensional errors and
reduced elongation at break of the printed parts.?**3° However, it should be kept in mind that
increased crystallinity can improve the tensile strength of 3D printed structures. Thus, this
emphasizes the complexity of the importance of tuning crystallization of polymer in AM process,
requiring sufficient crystallinity to achieve desired mechanical performance of the printed
components without limiting the important coalescence processes during printing.

Crystallization starts with nucleation and advances through crystal growth.>!>>
Nucleation refers to the formation of nuclei. Once the nuclei are formed, then crystals grow from
the nuclei.>? When all nucleation sites appear simultaneously at the beginning, it is known as
instantaneous nucleation. Conversely, if nuclei form steadily throughout the polymer volume
over time, it is called sporadic nucleation.>? Moreover, crystalline polymers are structured at
different length scales: unit cells, lamellae, and spherulites.* The unit cell is the smallest
repeating unit in a crystal lattice, with the dimensions usually on the order of angstroms.*
Lamellae, formed by the folding of polymer chains, typically have a thickness between 100 and
500 angstroms and a width in the micrometer range.* Spherulites, the largest structures, range
from micrometers to millimeters and are formed by the arrangement of lamellae.* Material
manipulation to control the crystallization rate and crystal size is a crucial aspect of the research
presented in this dissertation. Therefore, the following section provides a detailed summary of
methods used to understand crystallization kinetics.
Avrami and Isothermal Differential Scanning Calorimetry

Isothermal differential scanning calorimetry (DSC) is an analytical technique used to
measure the heat flow associated with process, including phase transitions in a material while

maintaining a constant temperature. DSC is an important tool used to determine the change in
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heat capacity of a material as a function of temperature. In this method, a small, weighed sample
(5-10mg) is placed in a sample pan, and an empty reference pan is used for comparison. Both
pans are heated at the same rate. The difference in the heat flow between these pans is then
recorded as a function of time or temperature in a controlled atmosphere. This heat flow data
reflects the heat needed to increase the temperature of the sample, including any physical or
chemical changes that may occur. This data may be analyzed to elucidate the material's
thermodynamic properties or reaction kinetics.

In this dissertation, the Avrami approach (Equation 6)>* to analyze the crystallization

kinetics of polycarbonate-polypropylene blended powders is employed.

X =1-eX" Eq.6

In Equation 6, X (t) represents the relative crystallinity of the sample, t is the crystallization
time, n is the Avrami exponent, and K is the crystallization rate constant. X (t) can determined

in terms of the heat generated at time ¢ (Q; ), heat generated at infinite time ( Q, ), and heat
. d . . .
evolution rate (d—I:), as shown in Equation 7.5 Both Qiand Q, are derived from the

integration of crystallization peak in the DSC curves.

X0 = & = o)t

= Eq.7
Y (AP q

By applying the logarithm to both sides of Equation 6, the Avrami equation can be transformed,

resulting in Equation 8.

log[-In(1 - X(t))] = nlog(t) + logk  Eq.8

Thus, plotting log[—In(1 — X(t))] as a function of log (t) allows for the determination of the

Avrami exponent, n, from the slope of the resulting line and the crystallization kinetic constant,
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K, from the intercept with the y-axis. The crystallization rate constant and Avrami exponent can
also be expressed in terms of crystallization half-time, t1/, , 14 shown in Equation 9.
1

t, = (%) Eq.9

t1/, 18 the time at which the crystallinity reaches 50% of the final value. Consequently, a higher
t12 value indicates a slower crystallization rate.>?

The Avrami exponent is influenced by the nucleation mechanism and the geometry of
crystal growth.>>>” Thus, variations in the Avrami exponent provide information on the
nucleation mode and the geometry of the crystals.”>~7 Specifically, an Avrami exponent of n =1
corresponds to one-dimensional crystal growth, such as rods; n=2 corresponds to two-
dimensional growth, like disks; and n=3 corresponds to three-dimensional growth, such as
spheres.’>>7 The Avrami equation provides a powerful framework to analyze experimental
crystallization data, enabling the determination of growth geometry and nucleation mechanism.
Consequently, it serves as a crucial model for studying the kinetics of polymer crystallization.
Role of Polymer Molecular Weight and Polymer Blend in the Fabrication of 3D Printed
Structures

The molecular weight (chain size) of polymers plays a crucial role in determining the
printability and mechanical properties of printed structures.**® During printing, polymer
molecular weight affects viscosity, melt flow behavior, and polymer chain entanglement.*®
Blending polymers of different molecular weights enables the customization of polymer
molecular characteristics, such as viscosity, to potentially optimize both printability and
mechanical performance of structures processed by AM technologies.*® As previously discussed,
the size of the polymer chains is an important factor that influences the diffusion of chains across

interlayer interfaces during the printing process. Levenhagen et al. showed that adding lower
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molecular weight (LMW) polymers to higher molecular weight (HMW) FFF filament
substantially enhances the diffusion of the polymer sample.*® This, in turn, improves the
interfacial adhesion between layers in objects created through the FFF process. LMW additives
in a polymer melt tend to migrate rapidly to the filament interface, where they can form
entanglements between layers more quickly than their HMW counterparts.>®

Surface segregation of polymer chains at the interfilament interface is a powerful
opportuntiy for minimizing void spaces and enhancing the mechanical properties of structures
created through FFF.®>° The tendency for polymer chains to migrate to the interfilament interface
depends on their size; smaller polymer chains generally segregate to the interfilament interface
more easily than larger ones, which improves adhesion between adjacent filaments.®> This
surface segregation is, at least partially, driven by the tendency of polymer chain ends to migrate
to the surface of the polymer melt due to entropic effects.®*6? The size of the polymer affects the
number of chain ends: as the polymer molecular weight increases, the number of chain ends
decreases.® Studies by Chen et al. showed that interfacial adhesion at a polymer-polymer
interface improves as the number of polymer chain ends at the interface increases.’” They
interpreted these results to indicate that the enhanced mobility of chain ends promotes a higher
rate and deeper interpenetration of the chains across the polymer interface, resulting in a more
extensive polymer network and thus improving adhesion.®?

Recognizing the crucial role of polymer molecular motion in particle coalescence during
the PBF process, Chapters 2 and 3 of this dissertation employ the strategy of incorporating LMW
polymers to modulate the molecular motion of HMW polypropylene powders. Incorporating
LMW results in a significant reduction in the zero-shear viscosity of HMW polypropylene

powders, thereby enhancing their droplet coalescence during printing and the mechanical

18



properties of the printed parts. These results are thoroughly discussed in Chapters 2 and 3 of this
dissertation.
Thermodynamics of Phase Separation in Polymer Blends

Blending two or more polymers may create new materials that combine the properties of
each polymer, resulting in a single material with tailored characteristics.®® However, most
polymer blends tend to phase separate into distinct phases, which can affect the resulting
material's properties. Therefore, understanding the thermodynamics of phase separation in
polymer blends is essential for optimizing and achieving desired properties in AM processes that
utilize polymer blends.

The formation of a homogeneous polymeric mixture is characterized by a negative free
energy of mixing, as described by Equation 10,%* where AG iy, AHppiy, and AS,,;, are the

change in free energy, enthalpy, and entropy of mixing, respectively. T is the temperature. %

AGpiy = AHpiy —TASmiy <0 Eq.10

The enthalpy of mixing describes the molecular interactions within the mixture, while the
entropy of mixing accounts for all possible molecular arrangements.®® The enthalpy and the
entropy of mixing can be expressed in terms of the volume fraction of each component ( ¢;) in

the blend, as shown in Equations 11 and 12.

AHpix = X12RT@1¢9, Eq.11

AS ix =—R[Z’I—ilntp1 + Z’,—Zlntpz] Eq.12
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In these equations R represents the gas constant, N; denotes the number of segments or the

degree of polymerization of the component, and y;, is the Flory interaction parameter.5®4

X12
describes the interactions between the components in a binary polymer mixture based on
solubility and the energy change associated with the mixing.%® A large positive value of y;,
indicates strong repulsive interactions and immiscibility in polymer mixtures.®* The value of y;,
depends on various factors, including composition and temperature.®* The entropy of mixing
decreases with the size of the mixing entities and diminishes significantly for polymers due to
their large size.®> Consequently, the Gibbs free energy of mixing of polymer blend is mainly
determined by the y;, between the blend components.** Combining Equations 11 and 12,
Equation 10 can be an be rewritten as shown in Equation 13, offering a quantitative method to
predict the range of blend compositions where phase separation of the two components will
occur as their compositions vary.

AGix

°T =z—ilntp1 + z—Zlmpz + X120192 <0 Eq.13

Polymer Blend Morphology and Glass Transition Temperature

In a completely miscible binary polymer blend, the two components mix at the molecular
level, creating a homogeneous mixture.%* This means no distinct regions exist where one
component is present more than the other. The domain size in such a system is on the order of the
size of the statistical chain segment, which is a measure of the length of a segment of a polymer
chain in which the orientation of the segments is statistically random.* In contrast, a completely
immiscible polymer blend exhibits complete phase separation due to chemical incompatibility or
repulsive interactions between the components.%*

Determining the glass-transition temperature (Ty) is currently a popular method to test

miscibility in polymer blends.®*% These DSC studies show that a completely immiscible
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polymer blend shows two glass-transition regions for all blend compositions, with the Tys similar
to those of the constituent polymers. In contrast, a completely miscible blend exhibits a single T
between the Tys of the individual polymers. The exact T, of a completely miscible blend can be

predicted using various models, including the Fox equation as shown in Equation 14.9%¢In
Equation 14, w; and w, are the weight fractions of components 1 and 2 with Tg, and T g5,

respectively, and T gy, is the T, of the blend.*

1 w1 w2
—_— = — Eq.14
Tgp Tg1 + Tg; 1

An extensive discussion of the application of the Fox equation in evaluating the
miscibility and, thus, the morphology of polycarbonate-polypropylene blended powders for the
PBF process is provided in Chapter 4 of this dissertation.

Dissertation Organization and Objective

This dissertation explores how fundamental principles of polymer science can be used to
rationally design the molecular characteristics of polymeric feedstocks tailored for powder bed
fusion (PBF) and fused filament fabrication (FFF) additive manufacturing techniques. The
research presented in this dissertation focuses on understanding and controlling the molecular-
level processes of polymer chains during 3D printing to develop materials that achieve stronger
layer adhesion and improved mechanical performance in the final printed objects.

Chapter 2 presents a study that uses thermally induced phase separation (TIPS) to
incorporate low molecular weight (Mw) polypropylene (PP) additives into high Mw PP powder,
aiming to tailor the coalescence dynamics of the resultant powder for the PBF process. The
results demonstrate a significant decrease in the zero-shear viscosity of molecular weight blend
powders upon the addition of 12 kDa PP. This reduction in viscosity significantly enhances the
coalescence rate of the blend powders. The Hopper model is used to understand the mechanisms
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that control particle consolidation during the coalescence process. The results also reveal that
extensional flow is the primary mechanism driving the coalescence of the fabricated PP powders.

Chapter 3 of this dissertation examines the impact of powder formed from PP Mw blends
on the PBF process and the properties of PP-printed components. This Chapter details our effort
to create PBF powders with customized Mw distributions, where high Mw PP is blended with
an identical but low Mw PP to create molecular weight blends of PP. The material design
protocol employed here effectively controls the particle size and size distribution of PP powders
for PBF, independent of molecular weight and molecular weight distribution, thereby allowing
for a focused investigation of the effects of polymer molecular weight, molecular weight
distribution, and zero-shear viscosities on the PBF process. Including smaller polymer chains in
the material formulation reduces powder viscosity and enhances coalescence kinetics during
printing. Examining the printed parts from these powders shows that blended molecular weight
specimens have reduced void space and greater crystallinity than unimodal molecular weight
specimens. Dynamic mechanical analysis of the printed parts reveals a substantial increase in
storage modulus for the blended molecular weight specimens over their unimodal counterparts.
This substantial improvement in the mechanical properties of the blended molecular weight
samples is attributed to reduced void volume and enhanced coalescence dynamics facilitated by
the powders' reduced melt viscosity.

Chapter 4 of this dissertation offers crucial insights into the impact of polycarbonate (PC)
on PP powder properties, presenting opportunities to tune PP printability and broaden the
material library for the PBF process. Creating PBF powder that is a blend of polycarbonate and
polypropylene using TIPS results in significant changes in the crystallization behavior and
crystal structure of the PP in the PP/PC blend particles. Specifically, the lamella thickness of PP

is significantly reduced, along with a slight decrease in the degree of crystallinity. These property
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modifications will impact volumetric shrinkage and warp deformation, which are major
challenges when printing semicrystalline polymers such as PP.

Chapter 5 of this dissertation examines the effects of ultraviolet (UV) light exposure on the
structure and properties of PC components produced using fused filament fabrication (FFF). By
incorporating a UV-LED optical fiber into the printer head and subjecting the PC to UV light
during printing, alterations in the PC's molecular structure occur, including a decrease in
molecular weight and modifications in Mw distribution due to chain fragmentation. The study
shows that PC components exposed to UV light exhibit significant improvements in both
transverse and longitudinal toughness, as well as reduced void spaces, compared to those printed
without UV light. These results and GPC analysis leads to the interpretation that chain
fragmentation leads to the formation of smaller polymer chains, which facilitates interfilament
diffusion and improves interlayer adhesion. This process reduces interlayer voids and improves
the overall mechanical performance of the printed components. Chapter 6 summarizes the

research, presents the study's conclusions, and suggests potential future works.
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Chapter 2: Impact of Polymer Molecular Weight and Dispersity on the Coalescence of

Polypropylene Powders Suitable for Laser Powder Bed Fusion
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A version of this chapter was published by Akan A. George and Mark D. Dadmun: George, A.
A.; Dadmun, M. D. “Impact of polymer molecular weight and dispersity on the coalescence of
polypropylene powders suitable for laser powder bed fusion.” Polymer, 2024, 312, 127663,
10.1016/j.polymer.2024.127663
Abstract

Understanding and controlling the fundamental processes governing the coalescence of
polymers is vital to enabling the design of polymeric materials for improved mechanical
performance and quality of manufactured structures, including those fabricated via additive
manufacturing techniques. Our group has utilized thermally induced phase separation (TIPS)
to produce spherical and size controlled polypropylene (PP) powders from 12,000 (12k), 250,000
(250k), and 340,000 (340k) molecular weight (Mw) PP, including 50-50 wt.% blends of
12k/250k,12k/340k, and 250k/340k, and a 33-33-33 wt.% blend of 12k/250k/340k to investigate
the impact of polymer Mw, and thus zero-shear viscosity, on particle coalescence and its
implication in laser powder bed fusion. The particles exhibit similar size distributions with an
average particle size, Dx(50), in the range of 58 pm -86 um. The coalescence behavior of the
powders, evaluated via hot-stage microscopy, shows that adding 12k PP in the blend significantly
alters the coalescence dynamics of the 250k and 340k PP, dramatically increasing their
coalescence rate. The substantial drop in zero-shear viscosity with addition of 12k PP provides
the driving force for the pronounced enhancement in coalescence. Strong agreement between
experimental results and the Hopper model of coalescence is observed, assuming correction for
extensional flow, exemplifying the importance of extensional flow on the coalescence process.
The results also indicate that the 12k PP in the blend does not surface segregate in the TIPS
process, but is homogeneously distributed in the blend. More broadly, these results provide

molecular-level insight into how control of powder molecular weight characteristics and
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viscosity can offer pathways to optimize the consolidation of particles in manufacturing
processes, including laser powder bed fusion.

Introduction

The process of polymer coalescence is fundamental to understanding the consolidation
mechanism of parts created using several manufacturing processing technologies, including
laser powder bed fusion (LPBF) 3D printing techniques.?**?** Coalescence, also known as
sintering, refers to the process by which two or more particles merge into a single homogenous
body.***” Throughout this paper, coalescence and sintering will be used interchangeably. The
coalescence of polymeric particles begins with elastic adhesive contact between the particles

to form a neck. This neck then grows progressively until the coalescing particles form a single
homogenous melt. Neck growth occurs via two modes. The first mode is the zipping mode,
driven by adhesive intersurface forces, and the second mode is the stretching mode, driven by
curvature-based surface tension forces.>?¥3° The transition from the initial elastic contact to the
neck growth mode is viscoelastic and depends on the particle radius.>® Schematically, these
modes are illustrated in Figure 5.® Fundamentally, the minimization of surface energy is the
driving force for coalescence, where the surface tension and viscosity of the polymer are critical
properties influencing the coalescence process. Several models, including the Frenkel and the
Hopper models, have been developed to provide a fundamental correlation of the physical
properties of the polymer to coalescence process, monitored by the time dependence of the
change in neck growth and droplet radius. By equating the work done by surface tension to the

energy dissipation due to viscous flow, Frenkel predicted that the neck radius, y, of two
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Figure 5. Schematic illustration of contact growth modes. (a) Elastic contact in a
zipping mode dominated by van der Waals attraction forces. (b) Contact growth in a
stretching mode dominated by curvature-based tractions.
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coalescing spheres varies with sintering time, t,as t'/2, as shown in the following Equation:>
y ( 3rt )
Qo 2ao1o

, Where a, is the initial particle radius, and I" and 1, are the surface tension and zero-shear

1
2

viscosity of the polymer, respectively.?>®® A schematic illustration of the coalescence of two
spherical particles based on the Frenkel model is shown in Figure 6.3 The Frenkel model
assumes that the particle radius is relatively constant throughout the coalescence process. It
should be noted that the Frenkel model is based on small angle changes, which corresponds to
short annealing times when the particle radius is relatively constant and may not be applicable
for long times of coalescence as the neck growth (y/a,) approaches 1.224

The Hopper model for droplet coalescence is based on the exact analytical solution of
the Navier—Stokes equation for two-dimensional viscous flow driven by capillary forces.®®% By
analyzing the capillary flow for two equal cylinders having an inverse ellipse as their cross

section, Hopper presented a coalescence model summarized in the following Equations: %%

LA 1-a)(1+ az)_%

as
rt T 1 1 -1
o= Ja [BA+BEK®)| dp

, where y, as, I', ng t, a, are the neck radius, final particle radius, surface tension of the polymer,
zero-shear viscosity of the polymer, sintering time, and inverse ellipse parameter, respectively.
When a =0, the droplet perimeter is one circle; as a approaches 1, the droplet perimeter

approaches the shape of two circles. K(f8) is a complete elliptic integral defined as follow:

28



Increasing sintering time and/or temperature

Figure 6. Schematic illustration of coalescence of two spherical particles based on the
Frenkel model. At t=0, a,, is the initial particle radius. At t > 0, the particle radii are
denoted by a and ay, where ay is the final particle radius, while y is the neck radius.
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K@) = [ 10~ - patae
0
, where € is the parameter of the elliptic integral that ranges between 0 to 1.6

Bellehumeur et al. compared the experimental time dependence of the coalescence of
different grades of polyethylene droplets to both the Frankel and the Hopper models.®® The
authors concluded that the Hopper model predictions agree well with the experimental data,
but the Frankel model predictions significantly deviate from the experimental data, especially
at longer coalescence times. The reason for the deviation of the experimental data from the
Frenkel model is attributed to the assumption in the Frankel model that the particle radius is
constant throughout the coalescence process. Such an assumption is satisfactory only when the
neck growth is less than 0.3. On the other hand, the Hopper model considers the change in
particle radius as the coalescence progresses.®®%

The extent of neck growth dominates the strength of a coalesced material; significant
neck growth will result in an appreciable increase in strength and densification.’”®’! In the initial
stage of coalescence, the extent of neck growth corresponds to < 0.33, and this stage is
associated with significant void space present in the coalesced structure and no densification.
The intermediate stage of coalescence corresponds to ~ 0.5 neck growth. In the final stage, also
known as the late state of coalescence, the particles form a densified network, and at this stage,
there is a significant reduction of void space in the coalesced structure.”>”® Under the same
coalescence conditions, a particle with higher Mw, thus higher viscosity, will exhibit a slower
coalescence rate, which could lead to limited neck growth relative to that of a particle with
lower Mw. In LPBF, the formation of substantial neck growth is needed to significantly reduce
void space, thus improving the strength of the printed part.

Hot-stage microscopy (HSM) is a valuable tool to monitor the process of polymer
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coalescence.?! Some researchers have used HSM to study how temperature and heating rate
impact droplet coalescence kinetics and to link these experimental conditions to the
coalescence mechanism involved in the process of LPBF 3D printing. For example, Zhao et al.
studied the coalescence of polyamide 12 powder, where the experiment was performed at
different heating rates between 1°C/min - 150°C/min to identify the onset coalescence
temperature. The authors also performed the coalescence experiment at 192°C and 195°C to
monitor how neck growth changes with temperature. The results showed that the onset
coalescence temperature increases as the heating rate increases and neck growth increases as
the temperature increases.”® In another experiment, Berretta et al. first heated poly (ether ether
ketone) powder particles from room temperature to 400°C at 120°C/min to identify the onset
coalescence temperature, and then the experiment was repeated, where the powder particles
were heated from room temperature up to 400°C at 120 °C/min and held at this temperature for
2 min to best approximate the layer formation time for this material in LPBF 3D printing.” In
both Zhao et al. and Berretta et al. works, the HSM experiment was designed to identify the
experimental conditions that mimic the conditions in LPBF 3D printing. It should be noted that
the obtainable thermal history in HSM is not comparable to the thermal history involved in
LPBF 3D printing. In fact, Laumer et al. reported that the heating rates involved in the laser
sintering process of PA could reach values of 107 K/min.”® Such a high heating rate is nearly
impossible to achieve in HSM.

This work seeks to understand how polymer feedstock molecular design, rather than
temperature and heating rate, impact droplet coalescence dynamics and provide molecular level
insight to enable the development of polymeric feedstocks to improve and understand
LPBF 3D printing. The polymer properties such as particle size, particle shape, and viscosity

are critical factors that determine the success of the coalescence process involved in LPBF.
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Appropriate particle size is essential for efficient flowability, energy absorption, and the
formation of appreciable neck growth during the printing process. Thermodynamically, the
driving force for the coalescence of two particles is the reduction of surface energy, which
increases with decreasing particle size.””-’® Both the Frenkel and the Hopper coalescence
models qualitatively predict that an increase in particle size will slow down the coalescence
rate, as increasing the particle size reduces the driving force arising from the surface tension.®%”
Slower coalescence kinetics can lead to incomplete neck growth.” For example, the results
provided by Hejmady et al., showed that 105 um polystyrene (PS) particles coalesced to ~ 0.47
neck growth, whereas 30 um PS particles coalesced to a neck growth of ~ 1 at the end of the
coalescence process and under the same experimental conditions. The partial neck growth
exhibited by the larger PS particle results in excess porosity in the printed parts formed by
powder bed fusion.” These, and other considerations, lead to a recommended average particle
size of 40-100 pm for powder bed fusion.*

Void space and mechanical properties of structures printed via LPBF are strongly
influenced by the development of interparticle contacts and interparticle adhesion during the
printing process.®! Unlike the injection molding process, no mechanical pressure is applied
during the LPBF process. Thus, evolution of structure in LPBF depends intimately on the zero
shear viscosity of the material for the efficient densification and coalescence of particles during
the printing process. Thus, the viscosity of the polymeric feedstocks for the LPBF process must
be low enough to flow and facilitate interparticle adhesion during the coalescence process.
Therefore, the aim of the study is to examine the impact of designing and controlling the
molecular weight characteristics, and thus viscous properties, of polypropylene (PP) powders on
coalescence dynamics. PP is an important thermoplastic that is used in a wide range of

applications due to its good mechanical performance, chemical stability, and relatively low
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cost.%?

As shown in the Frenkel and Hopper sintering models, zero-shear viscosity is a crucial
parameter that influences the coalescence process, whereby the coalescence rate decreases as
the zero-shear viscosity increases. The relationship between the zero-shear viscosity of the

polymer (1) and the molecular weight of the polymer (Mw) is given as follow:

Mo = k Mw34

, where k is a constant. **

Given this relationship and fundamental understanding, this study is designed to
address some fundamental questions: How robust are the Frenkel or the Hopper sintering
models in describing the coalescence behavior of multicomponent powders? What fundamental
driving forces control the Mw dependence on the coalescence process? Can the coalescence
dynamics of high Mw materials be enhanced by tuning the molecular design of the powder?

To address these questions, the coalescences of particles made from Mw blends are
evaluated by HSM and compared to the coalescence behavior of unimodal Mw polymer
powders. By blending low Mw and high Mw polymers to form Mw blend powders, a reduction
in the shear viscosity of the resulting polymer blend powder relative to the neat high Mw powder
is anticipated. This reduction in viscosity should enhance powder coalescence during sintering
relative to that of powders composed solely of unimodal Mw polymer, as shown in Figure 7.
Thus, under the same experimental condition, we expect powder formed from blends of high and
low molecular weight polymers to more readily coalesce within a short time than the powder
formed from neat high molecular weight polymer. Providing this level of insight into the

molecular level processes that control particle coalescence affords a foundation to rationally
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Neat high Mw polymers

High + low Mw polymers
Blend Mw powders

—
Coalescence time
Figure 7. Proposed scheme to enhance coalescence of high Mw polymer by tuning the
molecular design of the powder. Under identical experimental conditions, Mw blend powders
with low molecular weight polymer should exhibit faster coalescence than unimodal powders.
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design polymeric materials for optimal performance in LPBF printing. Furthermore, creating
blended Mw powders offers an economical and efficient route to design feedstocks to address
current challenges in the LPBF process.
Experimental
Materials
Pellets of isotactic polypropylene (PP) with weight average molecular weight of 12,000
(12k), 250,000 (250k), and 340,000 (340k) g/mol were acquired from Sigma-Aldrich. Silicone
oil, xylene, and ethanol were obtained from Fisher Scientific. All chemicals were utilized without
additional purification.
Preparation of PP microspheres by thermally induced phase separation (TIPS)
Thermally induced phase separation (TIPS), also known as liquid-liquid phase

separation,!31%-%7

was employed to prepare PP microspheres for the coalescence study. TIPS
involves the dissolution of a polymer in a suitable solvent at an elevated temperature, followed
by cooling the polymer-solvent system below the binodal line, as shown in Figure 8," to induce
phase separation of the polymer from the solution to form microspheres. TIPS is a facile
technique that does not require complex equipment, and the solvents used can easily be
recovered and reused. Additionally, spherical microspheres with smooth surface morphologies
are easily obtained, and experimental conditions such as polymer concentration and quench
temperature can be tuned to control the particle size of the formed powders.'*!3

Using this method, PP powders were prepared from the pellets of PP with molecular
weights of 12k, 250k, and 340k, as well as from 50-50 wt.% blends of 12k/250k, 12k/340k, and
250k/340k and a 33-33-33 wt.% blend of 12k/250k/340k. For every PP sample formulation, 9g

of PP pellets and 91g of xylene were placed into a 250 ml round bottom flask, heated to 190 °C,
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Figure 8. Scheme for formation of powder by TIPS. Polymers precipitate
during a thermal quench below the binodal.
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and refluxed for 1 hour stirring at 200 rpm, to form a homogeneous solution. After 1 hour of
refluxing, the mixture was placed into a cold trap at 40 °C and equilibrated for 1 hour to
precipitate the powder. The cold trap was set up using a Fischer Isotemp, with a refrigerant
mixture of 50% water and 50% ethylene glycol. Vacuum filtration was performed for five
minutes to separate the precipitate, and the resulting PP microspheres were washed with ethanol
three times to eliminate residual xylene. The obtained powders were further placed in a vacuum
oven at 40°C and left to dry for 24 hours to remove entrapped solvent. Throughout the drying
process, the mass of the powder was monitored by every 6 hours. After 6 hours of drying, the
mass of the powder remained unchanged with further drying, verifying the removal of entrapped
solvents in the powder.
Laser diffraction particle sizing of powders prepared by TIPS

The particle size and distribution of the prepared PP powder was determined with a
Mastersizer 3000 laser diffraction particle size analyzer, Malvern Instruments Ltd. The dry
dispersion method dispersed the dried PP samples by accelerating particles through a venturi
tube using compressed air. Each measurement was conducted with both blue LED and red laser
lights for 10 seconds, providing the particle size distribution and median diameter, Dx(50), for
all the prepared PP powder samples.
Particle shape analysis of powders prepared by TIPS

The shape of the powders was observed using scanning electron microscopy (SEM), a
ZEISS-EVO. The SEM ZEISS-EVO instrument was operated with a high electron tension set at
20.00kV. Prior to imaging the powders, they were coated with a thin layer of gold to mitigate
surface charging. The samples were imaged at a magnification ranging from ~ 500X to 800X,

with a working distance varying from 8.5 mm to 14.5 mm.
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Zero-shear viscosity of powders prepared by TIPS

Rotational rheometry was employed to measure the zero-shear viscosities of the pure PP
and Mw blend powders prepared by the TIPS process. An AR200ex rheometer from TA
Instruments at Oak Ridge National Laboratory was used for this measurement The viscosity was
measured at 164 °C with a shear rate of 0.1 s™%. Disc-shaped specimens, 25 mm in diameter and 1
mm thick, were prepared via compression molding. A 25mm diameter parallel plate was utilized
for the measurement. Prior to each rheological measurement of a sample, a 10-minute thermal
stabilization period was implemented to attain thermal equilibrium. Throughout all
measurements, the temperature was maintained within a 0.2 K range.
Polypropylene Molecular weight of powders prepared by TIPS

A high-temperature Size Exclusion Chromatography was utilized to determine the
molecular weight characteristics of the PP powder formed by the TIPS process. A Malvern high-
temperature OMNISEC system was used for this analysis, with 1,2,4 trichlorobenzene used as
the eluent and 1.0-3 mg/ml solution concentrations. Instrument calibration was conducted
employing PP standards. Viscometer, refractive index, low-angle light scattering, and right-angle
light scattering were used as detectors to determine the molecular weight characteristics of the
PP powders, including number average molecular weight, weight average molecular weight, and
dispersity.
In situ monitoring of particle coalescence via hot-stage microscopy

To monitor the rate of particle coalescence of the PP powders, PP microspheres were
deposited on microscopic glass slides and placed on a Mettler FP82HT hot stage. The time
development of the particle coalescence in the hot stage was then viewed at 164°C with a BH-2
Olympus microscope at a magnification of 200x. Videos of the coalescence were recorded and

analyzed to monitor the change in neck radius (y) and radii of the two coalescing PP particles
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(ay) as a function of coalescence time (t) with ImageJ software. Before each measurement, a
micrometer calibration slide was observed in the microscope to calibrate the image length scale
at the chosen magnification. The data presented represent the average of the measurement of the
coalescence of 3-5 droplet pairs for each material formulation.
Printing of the prepared TIPS powders by laser powder bed fusion

Tensile bars and rectangular specimens were printed from each of the powders prepared
by TIPS using a Prodways Promaker P2000 HT printer machine. The laser power, beam
velocity, and hatch spacing in the printing process were 50 W, 3750 mm/s, and 0.3 mm,
respectively. Throughout the printing process, the bed and feed temperatures were maintained at
140 °C. These processing parameters remained constant across all printed samples. The printed
multi-layer tensile and rectangular structures printed from the prepared powder are shown in
Figure 9.
Results and Discussion
Particle size of PP powders obtained via laser diffraction

In these studies, the formation of polypropylene powders that are suitable for powder bed

fusion was targeted. Previous studies in our group '*!°

show that forming powder from 9 wt.%
PP solutions in xylene that are quenched to 40 °C produces powders that are between 50 and 100
um and tend to be spherical. Figure 10 presents the average size and size distribution of the PP
powders formed from the 12k, 250k, and 340k pellets, as well as for the molecular weight blends
(50-50 12k/250k, 50-50 12k/340k, 50-50 250k/340k, and 33-33-33 12k/250k/340k). For all

sample formulations, the particles demonstrate similar size distribution, as shown in Figure 10b.

As shown in Figure 10a, the particles exhibit average particle size, Dx(50), in the range of 58-86
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Rectangular specimens
Tensile bars/Dogbone specimens

Figure 9. Printed structures from polypropylene powders prepared by the TIPS process. The
black dots on the tensile bar serve as markers for specimen identification and are not a result
of processing artifacts.
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pm, which is within the recommended average particle size range for powder bed fusion.’’ As
shown in Figure 9, these powders have been utilized to create structures by powder bed fusion.
The properties of the printed structures will be correlated to coalescence studies, where these
results will be reported in a future publication. While the coalescence process was meticulously
monitored for two specific droplets, it is imperative to note that the coalescence was performed
across seven sample formations, each comprising hundreds of particles. Consequently,
presenting the average particle size for every powder sample in this study offers a more
representative and reliable measure of the particle size, ensuring a more thorough understanding
of the particle size characteristics for all sample formulations. Fascinatingly, there is a subtle
variation in average particle size across different material formulations, providing an opportunity
to focus solely on exploring how molecular weight of the powders affects the coalescence
process. More importantly, the formation of these PP powders with similar size and size
distributions provides a foundation to eliminate the influence of particle size on the coalescence
mechanism in this study.
Powder Shape

The shape of the powders prepared by the TIPS process was determined by electron
microscopy, as it is well known that spherical powder offers the required flowability and packing
for a successful powder bed fusion print. Figure 11 shows the structure of the polypropylene
powders, where most of the PP particles exhibit spherical shapes with smooth surfaces and some
resemble ellipsoids. Some collapsed particles are observed in the neat 12k powder, and some
particles in the neat 340k exhibit surface coarseness. Interestingly, blending 12k with high Mw
PP in solution eliminates particle collapse in the resultant powder that is observed in the powder
formed from the neat 12k and surface coarseness observed in the powder formed from the neat

340k. This change in morphology could be due to the thermodynamics of the phase separation
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12k/250k PP

Figure 11. Scanning electron micrographs of PP powders formed from the TIPS process.

Scale bars are included at the bottom of the image.
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processes in TIPS. More importantly, the production of PP microspheres with similar shapes
provides a foundation to eliminate the influence of particle shape on the coalescence process in
this study.
Zero-shear viscosity and molecular weight of powders prepared by TIPS

The formation of PP particles with systematic variations in zero-shear viscosities
provides the foundation needed to examine the quantitative dependence of particle coalescence
rates to viscosity. Thus, the zero-shear viscosities of the powders formed from neat polymers and
their blends by the TIPS process were measured and are reported in Figure 12. Table 1 reports
the molecular weight characteristics of the PP powders. It is well known that the molecular
weight and dispersity of the polymer impact the zero-shear viscosity of the polymer.3334
Inspection of Figure 12 shows that the viscosities of these samples range from 1.2-7000 Pa-s. As
anticipated, there is a clear correlation between higher molecular weight and increased viscosity
in the polymer. Not surprisingly, the addition of 12k polypropylene to the other, higher molecular
weight polypropylene significantly decreases the zero-shear viscosity and broadens the
dispersity, Mw/Mn, of the powders.
In situ monitoring of particle coalescence via hot-stage microscopy
Effect of zero-shear viscosity on particle coalescence

The impact of rationally varying the molecular weight characteristics of the
polypropylene by blending different chain lengths on the particle coalescence process was
monitored with hot stage microscopy. Figure 13 offers a qualitative picture of the impact of
varying the molecular weight characteristics of the polymer by blending polymer with different
chain lengths, showing the extent of coalescence of PP powders after 3 seconds of the powder

formed from the 12k PP, from the 250k PP, and the 50-50 blend of 12k/250k PP. The coalescence

of the 12k sample is essentially complete, while the 50-50 blend shows significant neck growth,
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Table 1. Nomenclature and molecular weight characteristics of PP
powders formed by the TIPS process.

Nomenclature of polymers Molecular weight of PP powders
used in the TIPS process formed by the TIPS process

Mn (1 x 10%3) Mw (1 x10%) Mw/Mn

12k 8.1 17 2.1
250k 130 280 2.2
340k 130 360 2.8
12k/250k (50-50) 24 140 5.8
12k/340k (50-50) 33 210 6.4
250k/340k (50-50) 130 300 2.3

12k/250k/340k (33-33-33) 17 230 14




12k 12k/250k 250k
Viscosity: 1.17 Pa. s Viscosity: 348.57 Pa. s Viscosity: 3,027.14 Pa. s

t=0s t=3s

t=0s t=3 s t=0s t=3s

Figure 13. Structural evolution of PP powder during coalescence of two droplets.
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and the 250k sample has barely formed the neck. As expected, the PP powders with lower zero-
shear viscosity attains higher levels of coalescence within a short time than powders with higher
zero shear viscosity. To more fully understand the impact of the molecular design of these
powders on the PBF process, correlating the mechanical properties of parts printed from these PP
powders to the examined coalescence process is currently underway.
Application of coalescence models to the coalescence of PP: Frenkel vs. Hopper model

As noted in the introductory section, the Frenkel model assumes a constant particle radius
and is only valid in the initial coalescence stage. In contrast, the Hopper model assumes a change
in particle radius during coalescence and is valid both in the initial and late stages of
coalescence. Inspection of the structural evolution shows that the average particle radii of two
coalescing particles varies significantly during the coalescence process, and thus the Hopper
model is used to model the PP coalescence behavior, as discussed below quantitatively.
Quantification of neck growth and coalescence rate

Figure 14 shows the coalescence of two droplets of PP powder and illustrates how the

growth of the neck (y/ay) with coalescence time (7) growth is determined. Figure 15 shows the

growth of the neck in the PP powders as a function of coalescence time for all powders.

As shown in Figure 15, the timescales to reach full coalescence (y/as = 1) vary significantly
with changes in molecular weight, where PP samples with higher Mw and viscosities take longer
to coalesce. For example, it takes 47 and 91 seconds for y/ay to reach 0.8 for the 250k and 340k

samples, respectively. Interestingly, the addition of 12k Mw to the blend significantly enhances
the coalescence dynamics of the 250k and 340k samples; it only takes 4 and 8 seconds for the

dimensionless neck (y/ar) of the 12k/250k and 12k/340k powder to reach 0.8. These results

show that the rate of particle coalescence of high Mw materials can be enhanced by tuning the
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Figure 14. Coalescence of two droplets of PP powder. D1 and D2 are the diameters of
droplet 1 and droplet 2, respectively. Average particle diameter (D) = (b1 + DZ)/ o. Particle

radius (af) = D/ o . Particle neck diameter =X. Particle neck radius (y)=X/2. y/a;=neck
growth= dimensionless neck radius
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molecular design of the powders by the addition of lower molecular weight polymer chains to
the sample.
Fitting coalescence data to the Hopper model

To critically examine the ability of the Hopper model to model the coalescence behavior
of these multi-component powders, as well as provide insight into the molecular-level processes
that control the consolidation of particles during coalescence of multicomponent samples and
understand the fundamental driving forces that control Mw dependence on the coalescence
process, the coalescence data was fit to the Hopper coalescence model with no adjustable
parameters. To fit the data to the Hopper model, the surface tension of PP must be known.
Literature reports estimate that the surface tension of PP is between 0.026 - 0.034 N/m.*!#°
Thus, the experimental data was fit to the Hopper model using the measured zero-shear
viscosities, shown in Figure 12, and a surface tension (I') of 0.03 N/m. Figure 16 presents the
experimental data and the estimate of the coalescence via the Hopper model. It is interesting that
the shape of the Hopper model is similar to the experimental data, however, the Hopper model
overestimates the rate of coalescence. Inspection of the data and the Hopper model shows that
the Hopper model is ~7x and ~278% too fast in estimating the coalescence rates in Figure 16a
and Figure 16b, respectively.

Further investigation in the literature shows that the flow that occurs during the
coalescence process is not shear flow, but is extensional flow.>*** In fact, Verdier and Brizard*’
clearly visualize the extensional flow of the polymer during droplet coalescence. Thus, we
believe that the extensional viscosity of the powders must be used in the Hopper model, rather
than the shear viscosity. Fortunately, the extensional viscosity of a polymer, 1., is related to its

shear viscosity via the Trouton ratio, as shown in following Equation:*
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Trouton ratio = le
No

The Trouton ratio varies from ~3-10 for polymers dependent on a number of factors including
the extensional shear rate, where a value of 3 is often offered for the Trouton ratio at low shear
rate.* However, White et al. have measured the extensional viscosity and Trouton ratio of PP
and report values of 6-10 at low Weissenberg number.®® Thus, this data provides a quantitative
method to estimate the extensional viscosity of our samples, 1, =1 X 7. Therefore, to account
for extensional flow, the shear viscosity in the Hopper Equation is replaced with the extensional
viscosity. With this correction, the coalescence data were plotted with the Hopper model using
the extensional viscosity with no adjustable parameters to obtain the data in Figure 17.
Inspection of Figure 17a shows strong agreement between the experimental coalescence data of
the 250k, 340k, and blend particles with the Hopper model that accounts for extensional flow.
Surprisingly, the coalescence data of the 12k particles still significantly deviates from the Hopper
model that accounts for extensional flow, where the Hopper model significantly overestimates
the coalescence rate of the 12k powder even when accounting for the extensional flow of the
polymer.

Inspection of the Hopper coalescence model shows that the Hopper model is also strongly
dependent on the surface tension of the polymer, thus it may be that this discrepancy is because
the surface tension of the 12k PP, which is the smallest chain length studied, differs significantly
from that of the other polymers. In fact, it is well-known that the surface tension of a polymer
depends on the Mw, where the contribution of the polymer chain end-groups increase as the
polymer chain length decreases.*'** For instance, Moreira et al. showed the surface tension of
polystyrene (PS) at 200 °C decreases by 24% as the molecular weight of PS decreased from

200000 to 12500 g/mol.*! Jalbert et al. also report that the surface tension of trimethyl siloxy
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terminated PDMS increased approximately by 14% as molecular weight increased from 1000-
75000 g/mol.** However, in order to account for the dramatic variation of the data in Figure 17b,
the surface tension of the 12k PP would have to decrease by 97 % from the surface tension of the
higher Mw counterparts. This seems unlikely, leading to the conclusion that variation in the
surface tension of the 12k sample is not sufficient to describe the data in Figure 17b, and thus
additional factors must be impacting the coalescence of the 12k powder.

The Hopper model provides insight into the processes that govern the stretching regime
of the coalescence process, which occurs after the initial zipping mode. Thus, this coalescence
model models only the stretching process and therefore assumes that the zipping mode is much
faster than the stretching mode and does not contribute to the experimentally measured
coalescence rate. The zipping process typically occurs on a short timescale, often taking only a
fraction of a second to a few seconds, whereas the stretching process can take considerably
longer, often on the order of tens of seconds to minutes. It should be noted that the experiment
does monitor both the zipping and the stretching processes during coalescence. Inspection of the
Hopper model indicates that the stretching mode for the 12k sample (based on its viscosity and
surface tension) is complete in a fraction of a second. However, the experimental data shows that
the coalescence of 12k sample takes about 3 seconds, suggesting that this experiment is primarily
monitoring the zipping process, which takes 2-3 seconds. If this is true, it is not surprising that
the Hopper model does not accurately model the coalescence behavior of the 12k sample — the
Hopper model provides insight to the strefching regime of the coalescence process, while the
experimental results of the 12k sample primarily document the zipping regime of the coalescence
process. This in turn suggests that the Hopper model is only valid if the stretching regime takes

significantly longer (~3-4x) than the zipping regime.
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The question therefore arises as to whether the zipping process, which takes about 3
seconds, is short enough to be ignored in the monitoring of the coalescence of the higher
molecular weight samples. As shown in Figure 15, higher molecular weight samples complete
their coalescence in ~ 20-330 seconds. This appears to be sufficiently longer than the zipping
process, which we estimate to be 1-3 seconds based on the behavior of the 12k sample. Thus,
the timescales associated with the coalescence of the high molecular weight polymer and blend
samples monitored represent the stretching regime in the coalescence of these materials.
Because the Hopper model effectively describes the stretching process, the model accurately
describes the coalescence behavior of the high molecular weight polymer and blend samples.
Role of 12k PP in Coalescence of Molecular Weight Blends

The results presented in Figure 17 show that the Hopper model does a very good job of
modeling the coalescence behavior of the 250k and 340k powders, as well as for all of the
molecular weight blend powders but does not accurately model the coalescence behavior of
the 12k powder. This is somewhat surprising, as one might expect that the dynamics of the
powders with a significant amount of 12k polymer to coalesce more similarly to the pure 12k
powder than to the coalescence of the higher molecular weight polymers. However, this is not
the case, where the coalescence of the molecular weight blends is accurately modeled by the
Hopper model using the extensional viscosity of the blend and the estimated surface tension of
0.03 N/m. This, in turn, indicates that the surface tension of the molecular weight blends does not
significantly deviate from 0.03 N/m, which can provide some insight into the role of the 12k PP
on the coalescence of the molecular weight blends.

Previous work by Dee et al. ¥’ and Quian et al.®® show that the surface tension of a
miscible blend of low and high molecular weight polymer is slightly lower than that of the high

Mw polymer. However, this decrease is subtle (4-7%) and similar behavior in our samples will
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not alter the agreement of the experimental data and the Hopper model in our analyses.
Nevertheless, if the low molecular weight polymer segregates to the surface of the powder, as
one might expect in a multicomponent sample, it will form a shell that is rich in 12k polymer.
Figure 18 illustrates the potential morphology of such a surface segregated 12k corona (i.c., a
core shell) as well as that of a homogeneous mixture of the high and low MW PP. In a core shell
morphology, the excess 12k polymer at the powder surface would lower the viscosity of the shell
and dramatically speed up the droplet coalescence of the molecular weight blend powders, as
well as potentially lower the surface tension of the powder. We would expect that such a
morphology would coalesce more rapidly than the Hopper model. However, the coalescence of
the molecular weight blend powders fit the Hopper model with no adjustable parameters, which
is consistent with the homogeneous distribution of 12k PP in the powder —but is not consistent
with the surface segregation of the 12k PP in the powder. Thus, these results indicate that the 12k
powder does not surface segregate in these powders. Rather the 12k PP is homogeneously
distributed in the blend powders, impacting the coalescence process by lowering the viscosity of
the polymer melt, but not altering the near surface properties of the droplet that would also alter
the coalescence process.

Thus, one important conclusion of these studies is that the coalescence of these

molecular weight blend powders is dominated by the variation in extensional viscosity of the
powders, where lower average molecular weight correlates to lower viscosity and faster droplet
coalescence. Moreover, this molecular design of powders offers a straightforward and broadly
applicable mechanism to tune the coalescence properties of polymer powders for laser-based

powder bed fusion.
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Figure 18. Schematic illustration for possible distribution of components in the
molecular weight blend powders formed by the TIPS process.

58



Conclusions

This work describes the use of a processing protocol based on liquid-liquid phase
separation to controllably design unimodal, bimodal, and trimodal molecular weight powders to
investigate the dependence of polymer molecular weight, and thus zero-shear viscosities, on
particle coalescence rate and their implication in polymer laser sintering. The data presented
indicates that the addition of 12k low molecular weight PP to form bimodal and trimodal blends
significantly increases the coalescence rate of the blend powders due to a substantial reduction in
powder viscosity. Strong correlation between experimental results and the Hopper model of
coalescence is observed, assuming correction for extensional flow for all samples, except in pure
12k PP sample. This demonstrates the significance of extensional flow in the coalescence of
polymer particles. The results also indicate that the 12K PP in the blend powders is
homogeneously distributed, improving the coalescence process by lowering the extensional
viscosity of the polymer melt, but not altering the near surface properties of the droplet that
would also alter the coalescence process. These results, therefore, provide a straightforward
mechanism to tune the coalescence properties of powders and offer pathways to optimize the

consolidation of particles in laser powder bed fusion.
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Chapter 3: Impact of Polymer Molecular Weight Blends on the Powder Bed Fusion Process

and the Properties of Polypropylene Printed Parts
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Abstract

Designing and controlling the molecular characteristics of polymeric feedstocks is crucial
for creating robust structures via the powder bed fusion (PBF) process. To explore the impact of
a powder's molecular weight on printed part structure and properties, thermally induced phase
separation was employed to produce spherical, appropriately sized polypropylene (PP) powders
formed from individual unimodal molecular weights and molecular weight blends. More
precisely, these powders are composed of 12,000 Daltons PP (12k), 250,000 Daltons PP (250k),
or 340,000 Daltons PP (340k), as well as their blends (50/50 wt.% of 12k/250k, 12k/340k,
250k/340k, and 33/33/33 wt.% of 12k/250k/340k). Analysis of the printed parts from these
powders shows that the blended molecular weight samples exhibit lower void space and higher
crystallinity than the unimodal Mw counterparts. More importantly, dynamic mechanical
analysis of the printed parts shows a substantial increase in storage modulus for blended
molecular weight samples compared to unimodal Mw counterparts. This significant
enhancement in the mechanical property of the blended molecular weight samples is due to
improved coalescence dynamics driven by the powders' decreased melt viscosity. Improved
coalescence reduces the void space in the printed parts, thereby improving mechanical
performance. These results, therefore, provide a molecular-level understanding of the mechanism
by which low Mw additives improve PBF processability, presenting avenues to augment the
macroscopic properties of the printed parts. Additionally, the design powder approach presented
in this work is cost-effective and offers a simple strategy to enhance the final part properties
across various materials in additive manufacturing.
Introduction

Powder bed fusion (PBF), also known as selective laser sintering (SLS), is an additive

manufacturing (AM) process in which objects are created by using laser energy to melt and

61



coalesce powders in a layer-by-layer fashion.?>®” The PBF process offers numerous advantages
among polymer AM technologies, including the ability to process semi crystalline polymers,
high geometrical flexibility, and the ability to create customized parts without the need for
dedicated support structures. 3°°° However, despite these advantages, parts produced through
PBF often exhibit inferior mechanical properties when compared to those manufactured via
traditional polymer processing techniques, such as injection molding.”>°! At a molecular level,
the poor mechanical properties associated with PBF fabricated parts are due to weak interfacial
adhesion between layers caused by poor chain mobility, void spaces caused by insufficient
coalescence, and poor molecular chain entanglement at the interface between adjacent layers. *!-
%4 Moreover, the physics that govern the PBF process involves complex thermal histories that
differ substantially from conventional manufacturing processes.

Another major constraint restricting the application of PBF for manufacturing is the
limited range of materials available for the PBF process. For instance, the clear majority of the
polymeric materials used in PBF are polyamides (PA12 and PA11).% In order to expand the
availability of polymeric materials for PBF, it is important to understand the relationship between
fundamental material properties of newly developed powders and their printability, as well as
utilizing an economically viable method to make powders from a wide variety of polymers.
Impact of powder properties on PBF process
Effect of particle size and size distribution on PBF process

The first step in forming a layer in the PBF manufacturing process is powder recoating,
which involves spreading polymer powder evenly onto the powder print bed using a roller.??
Efficient flowability during this powder-spreading step is imperative to achieve a densely packed
powder bed that leads to more dense printed parts.?? The flowability of the powder during the

recoating process depends on the powder size and shape; powders with a spherical shape and
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smooth surface are desirable in the PBF process because of their better flowability and packing

21,2233 If particles are too small, they may "evaporate off" when exposed to the high-

efficiency.
energy beam, fogging the optics and heating elements and thus reducing the efficiency of the
print process.’® Furthermore, excessively small particles can adhere to the recoating roller due to
electrostatic forces.®® In fact, Averardi et al. highlighted that using particles smaller than 10um in
PBF tends to result in agglomeration or aggregates due to strong cohesive forces, hampering
powder flowability and layer density.”” Hence, utilizing powders with appropriate particle size
and distributions in the PBF process is crucial for optimal printability.?!:"*°7 A commonly
recommended average particle size for powder bed fusion is usually 40-100 pum.?°

After the powder recoating process, a laser heats the powder to selectively melt the
powder to form melt pools at points in the layer to build the structure.?!?**3 However, large
variations in particle size can result in the complete melting of small particles and only partial
melting of large particles, where incomplete melting of the larger particles results in incomplete
coalescence of the powders and voids in the printed parts.’>>* The time needed to conduct the
heat from the laser throughout the particle strongly depends on the particle size of the powder.
For example, the amount of laser energy required to raise the temperature of the powder particle
correlates directly with the particle size. This relationship can be estimated using the following
Equation: ”°

Q = mc,AT

, where Q is the heat energy, m is the mass of the powder particle. ¢, is the specific heat capacity
of the particle, and AT is the temperature difference. Replacing the mass of the particle in
Equation 1 by the particle density (p) times volume of the particle shows the dependence of the
amount of heat required to raise the temperature of the powder particle (Q) on the particle radius.

This substitution leads to the following Equation :
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3

pc AT

, which shows that Q varies with the particle radius cubed, r3. Moreover, the characteristic time
for heat conduction from the laser-illuminated area to the surrounding region of the particle, t.,

varies with the particle radius as r? , as shown in the following Equation:

, where « is the thermal diffusivity of the particle.” The Equations above offer a quantitative
understanding of how powder particle size can impact the PBF process, where, under the same
experimental condition, larger particles require more laser energy to melt and coalesce at a
slower rate than smaller particles. 7**¢ Additionally, the conduction of heat through larger
particles takes a longer time than in smaller particles.”” The absorptivity of laser energy by the
particle also diminishes with increasing particle size, which is attributable to a reduction in the
surface area-to-volume ratio. Smaller particles provide a larger surface area to absorb more laser
energy, leading to a faster melting and coalescence rate.’” Hejmady et al. showed that increasing
particle radius from 30 to 105 pum, the ratio of the laser spot size to particle size decreases from
0.66 to 0.19; with a larger particle, a substantial portion of the particle may not efficiently absorb
the laser energy, resulting in a pronounced temperature gradient within the particle, consequently
decreasing the coalescence kinetics.”
Effect of particle shape on PBF process

In the PBF process, the geometry of powder particles affect their ability to flow during
the recoating process to form a thin layer .22%8-1%1 A freely flowing powder is also required to
achieve a high packing density within the powder bed and to minimize interstitial voids

between particles prior to coalescence to create dense parts.?> The flow of particles during
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recoating is also significantly influenced by interparticle forces. Spherical particles, for instance,
result in minimal contact between particles, reducing inter-particle friction. This characteristic
improves particle flowability, enhancing the overall flow dynamics during the recoating
process.”®

The packing quality of the powder bed also has a substantial impact on the heat transfer
characteristics and flow of the molten materials during the printing process. Studies indicate that
higher packing density of the powder in the bed minimizes void spaces between particles,
thereby enhancing the thermal interaction among particles during sintering.””!°2 Numerous
studies have correlated the packing efficiency of the powder bed to particle shape. For example,
Nasato et al. and Haeri et al. investigated the dependency of the packing density of the powder
bed on the particle aspect ratio.”!?’ Their findings show that as the particle aspect ratio
increases, the packing density of the powder bed decreases. Deng et al. show that with increasing
particle aspect ratio, the distribution of contact angle between the particles becomes wider,
resulting in less packing of the particles and increased void spaces between the particles.!'?!
Given these findings, spherical and regularly shaped particles are preferred in the PBF process
due to their superior flowability characteristics and higher packing efficiency compared to non-
spherical and irregularly shaped particles.
Effect of polymer molecular weight and viscosity on PBF process

After selective heating of the powder by the laser beam, the melted powders coalesce and
then solidify upon cooling to form intra- and inter-layer bonds.?!**> Polymer viscous flow and
particle coalescence control densification and impact the final mechanical properties of the
printed parts. Sufficient particle coalescence within one layer and across layers is essential to

achieving a homogeneous structure with few defects and mechanically robust 3D-printed parts.>
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Viscous flow is a crucial driving force of the coalescence phenomena in the PBF
process.’! Theoretical models, such as the Frenkel model describe viscous coalescence with
critical parameters that govern the coalescence kinetics, including, polymer zero-shear viscosity
and surface tension .23 No mechanical pressure is applied to the polymer during the PBF
process as opposed to the injection molding process,'® which results in the coalescence of
particles in the PBF process being dependent on the zero-shear viscosity of the polymer melt.

This is quantitatively shown in the Frenkel model:

, where an increase in the zero-shear viscosity leads to a decrease in the time evolution of the

coalescence (§ (1)).22 In this Equation, x is the neck radius between two adjacent coalescing

particles, a is the initial particle radius, t is the coalescence time, I' is the surface tension of the
polymer, and 1, is the zero-shear viscosity of the polymer. n, is related to polymer molecular
weight (Mw) via the following Equation:

No = cMw34
, where c is a constant.*

The timescale associated with particle coalescence in the PBF process is ,only
approximately 10 seconds?'; thus, polymers with higher molecular weights, and higher
viscosities, may not be exposed to laser power long enough to melt and sufficiently flow to
complete consolidation within this short timescale. Therefore, we hypothesize that designing
polymeric materials with tunable zero-shear viscosity to improve polymer flow during

coalescence could improve interfacial adhesion, powder consolidation, and thus part robustness.
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Strategies to enhance consolidation of particles and improve mechanical strength in PBF
printed parts
Manipulation of print settings
Various mechanistic approaches have been attempted to promote the consolidation of
particles and improve mechanical strength in PBF printed parts. For instance, the effect of laser
power on the density on the tensile strength of PA12 printed parts by PBF has been investigated
by Yan et al.2° Their findings show that the density and the tensile strength increase with
increasing laser power until they reach a maximum value and then further increasing laser power
results in the decrease in the density and the tensile strength. Similar results have been reported
by Zhu et al. in the PBF of Polypropylene (PP).%? The correlation between increasing laser power
(P,) and the improved mechanical properties of the PBF printed parts is not surprising, as it
stems from the direct relationship demonstrated in the Equation:
P,
£ =D X H, X Vs
, where increasing P, will consequently increase the energy the laser beam delivers to the
polymer powder per unit area (the energy density [Ep]), assuming all other parameters remain
constant.*?
In this Equation, Hg is the hatch spacing, D, is the laser diameter, and Vg is the laser beam speed.
Increasing laser power, thus, increases energy density, raising the powder temperature, which
lowers the viscosity of the polymer, and fosters a faster coalescence during the printing process.
However, increasing the energy density to extremely high value can lead to material degradation

and dimensional errors in the printed structure .20
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Material modification

Material degradation poses a significant limitation to parameter -based approaches to
improving printed part properties . Therefore, material design, such as modifying the polymeric
material rather than altering the physical print parameters and understanding how polymer
feedstock molecular characteristics impact particle consolidation during printing are viable ways
to design materials to fabricate mechanically robust 3D-printed parts. Hence, this study focuses
on modifying the molecular characteristics of the polymer feedstocks to optimize the crucial
consolidation processes in PBF.

In previous work by our group, designing bimodal molecular weight materials has been
proven to enhance the mechanical performance of material extrusion-based 3D-printed
structures. For example, Levenhagen et al. designed bimodal blend polylactic acid (PLA)
filaments by incorporating lower molecular weight PLA additives into commercially available
higher molecular weight PLA filament. The lower molecular weight PLA additives improve
polymer chain diffusion between layers, strengthening the interfacial adhesion between layers in
structures created by the fused filament fabrication (FFF) process, and result in mechanically
robust 3D-printed parts.>® Lower molecular weight additives in a polymer melt readily sequester
to the interface of the filament, where they can more quickly form entanglement between layers
relative to the diffusive processes of their higher molecular weight counterparts.®®

Given this fundamental process and the importance of polymer molecular motion in
particle coalescence in the PBF process, we hypothesize that the utility of such a molecular
modification protocol will improve the mechanical performance of polymer parts fabricated by
PBF. From the Frenkel model, it is clear that the zero-shear viscosity is a dominant parameter
that governs polymer flow during coalescence, and thus the coalescence process. Moreover, the

zero-shear viscosity has a well-known relationship to polymer molecular weight (Eq. 2), opening
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avenues to control this crucial parameter by modifying the average molecular weight of the
polymer. Thus, this work is designed to examine the impact of molecular weight blends of
polypropylene (PP) powders on the PBF process and the properties of the printed parts.

To achieve this aim, we utilize thermally-induced phase separation (TIPS)!'*!° to create
powders with bespoke molecular weight distributions, where high molecular weight PP is
blended with an identical, but low Mw, PP to form molecular weight blends of PP. By combining
low molecular weight PP with high molecular weight PP, we expect the viscosity of the blend to
be significantly lower than that of the high molecular weight PP, potentially facilitating
molecular mobility and improving the coalescence dynamics during the PBF process. This
targeted improvement of the coalescence process is shown schematically in Figure 19. Thus,
under the same thermal energy of the PBF process, we expect that the coalescence of the
molecular weight blend powders will be faster, potentially reducing internal voids and creating a
more robust structure relative to structures formed from neat high molecular weight polymer.
As illustrated in Figure 19, a high degree of coalescence and substantial void space reduction
should result in improved densification and enhanced mechanical performance of the printed
parts. Providing this understanding of molecular-level mechanisms governing particle fusion
establishes a solid foundation for the strategic creation of polymeric feedstocks for improved
PBF printing. Moreover, developing materials with molecular weight blends presents a cost-
effective approach to tailor feedstocks, effectively tackling some of the existing challenges
encountered in the PBF process. This work aims to provide a fundamental understanding of the
mechanism by which polymer molecular weight and, thus zero-shear viscosity, controls the

fabrication of structures in the PBF process. PP is an important thermoplastic as it is widely
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Figure 19. Proposed strategy to enhance coalescence and decrease void space in high Mw polymer

by molecular modification. Under the same experimental condition, molecular blend sample
should exhibit higher level of coalescence and lower void space than unblended sample.
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applicable across various industries due to its good mechanical performance, chemical stability,

t.82 Understanding how polymer molecular weight affects PBF fabrication

and relatively low cos
will not only contribute to improving PP printability but also potentially pave the way for
advancements in other materials processed by PBF.
Experimental Methods
Materials
Isotactic polypropylene pellets with molecular weights of 12,000, 250,000, and 340,000
Dalton were purchased from Sigma-Aldrich. Xylene, ethanol, and silicone oil were purchased
from Fisher Scientific. All chemicals were used without further purification. Throughout this
work, molecular weights of 12,000, 250,000, and 340,000 Dalton will be denoted by 12k, 250k,
and 340k Dalton, respectively.
Production of PP powders via thermally-induced phase separation (TIPS)
Thermally-induced phase separation (TIPS)**® was used to form PP powders for PBF.
With this process, PP powders were formed from neat 12k, 250k, and 340k PP pellets, 50/50
wt.% blends of 12k/250k, 12k/340k, and 250k/340k and a 33/33/33 wt.% blend of
12k/250k/340Kk. To fabricate each PP powder sample, 9g of PP pellets were added into a 250 ml
round bottom flask. 91g of xylene was added, and the mixture was heated with a hotplate to 190
°C, stirred at 200 rpm, and refluxed for 1 hour to form a homogeneous solution. After 1 hour of
reflux, the mixture was placed into a cold trap at 40 °C using a Fischer Isotemp, containing a
mixture of 50% water and 50% ethylene glycol as the refrigerant and quenched for 1 hour to
precipitate the powders. After the quenching process, vacuum filtration was perform to separate
the precipitate, where the PP powders were washed with ethanol three times to remove residual
xylene. The obtained powders were then placed in a vacuum oven at 40°C and allow to dry until

a constant mass is reached.
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Characterization of the prepared PP powder
Evaluation of particle size distribution via laser diffraction particle size analyzer

The particle size and particle size distribution of the produced PP powders were
determined with a Mastersizer 3000 laser diffraction particle size analyzer (Malvern Instruments
Ltd). This analysis provides the particle size distribution and median diameter, Dx(50), for all the
prepared PP powders, where Dx(50) represents the particle diameter value at 50% in the
cumulative distribution.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed to monitor the shape of the
prepared powders. To obtain SEM micrographs of the samples, each sample was coated with a
thin layer of gold to eliminate surface charging. The SEM used in this study is a ZEISS-EVO
with high electron tension set at 20.00kV.

Zero-shear viscosity

The zero-shear viscosities of the PP powders formed from TIPS were determined via
rotational rheometry using an AR200ex rheometer from TA Instruments at Oak Ridge National
Laboratory. The viscosity measurement was performed at 164°C and at 0.005 s shear rate. Disc-
shaped specimens that were 25 mm diameter and 1 mm thickness were prepared by compression
molding at 170 °C for 5 minutes under 2 metric tons. A 25mm diameter parallel plate was used.
Before each rheological measurement, the sample was thermally stabilized for 10 minutes to
ensure thermal equilibrium. The temperature was stabilized within 0.2 K for all measurements.
Molecular weight determination

The molecular weight and dispersity of the PP powder samples prepared via TIPS were
determined by a high-temperature Size Exclusion chromatograph, a Malvern high-temperature

OMNISEC system, using 1,2,4 trichlorobenzene as the eluent, with solution concentrations
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ranging from 1.0 to 3 mg/ml and calibrated to polypropylene standards. Viscometer, refractive
index, low-angle light scattering, and right-angle light scattering detectors were used to obtain
the molecular weight and dispersity data.

Thermal analysis of PP Powders

Data from differential scanning calorimetry (DSC) is used to establish the feasible PBF
processing temperatures of the PP powders. The DSC data were obtained with a TA Instruments
DSC Q2000.. Approximately 5-10 mg of each sample was placed in standard aluminum pans
with covers and the DSC curves were measured at a heating rate of 10 °C/min from 40 °C to
200 °C, followed by cooling to 40 °C at 10 °C/min under nitrogen purge gas flow. The PBF
processing temperature ranges are defined as occurring between the onset melting temperature
and the onset crystallization temperature.

The thermal stabilities of the PP powders were determined via thermogravimetric analysis
(TGA) using a TA Instruments TGA Q50 . Approximately 10 mg of each sample was heated
from 40 °C to 600°C at the rate of 10 °C/min under nitrogen gas. The thermal stabilities of the PP
powders are obtained from the peak degradation temperature of the TGA curve.

Powder bed fusion of the prepared PP powders

All prepared powders were printed using a Prodways Promaker P2000 HT machine. This
machine is equipped with a 60 W, 10.6 pm, CO> laser. Using the processing temperature
identified from DSC data, and based on preliminary experimental trials, samples were printed
with bed and feed temperatures set to 140 °C , a laser power of 50 W, beam velocity of 3750
mm/s, and hatch spacing of 0.3 mm. These print parameters correspond to an energy density (Ep)
of 0.044 J/mm?. Laser parameters were held constant for all powder specimens to enable direct
evaluation of the impact of molecular weight on the structure and properties of the printed parts.

The bed and feed temperatures were set. conservatively to reduce the risk of powders
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prematurely melting and coalescing in the powder bed prior to energy deposition, which is more
likely as these set temperatures approach the onset of melting for a powder. Tensile testing
dogbones and rectangular prismatic structures (21 mm x 6 mm x 1 mm) for dynamic mechanical
analysis (DMA) were printed from the fabricated PP powders, as, shown in Figure 20.
Characterization of the PP printed parts

Dynamic mechanical analysis (DMA)

DMA (TA Instruments DMA Q800) was used to characterize the viscoelastic behavior of
the printed samples. Storage and loss moduli curves were obtained with a frequency of 1 Hz and
a strain of 0.1 % where the temperature was ramped from -50°C to 120°C at 3°C/min.
Additionally, the glass transition temperature (Tg) of each printed sample was determined from
the peak of the damping factor, tan 6. The DMA was performed in tensile mode.

Evaluation of crystallinity and crystal structure of the PP printed parts

Differential scanning calorimetry (DSC) curves were analyzed to determine the
crystallinity of the printed structures. DSC curves were obtained with a TA Instruments DSC
Q2000 Approximately 5-10 mg of the printed samples were placed in standard covered
aluminum pans and measured at a heating rate of 10 °C/min from 40 °C to 200 °C, followed by
cooling to 40 °C at 10 °C/min under nitrogen purge gas flow. The percent crystallinity, X, of the
polymer samples was calculated from the experimentally determined heat of fusion according to
the following Equation:®?

m

0
m

Xc =

X 100%

, where AH,,, is the measured melting enthalpy, of the printed structure, and AH,,° is the melting
enthalpy of fully-crystalline PP material (209 J/g).1%* Wide-angle x-ray scattering (WAXS) was

also performed to investigate the variation in crystalline structure. WAXS curves were obtained
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using Xenocs Xeuss 3.0 X-ray scattering instrument. PILATUS3 R detector was utilized. The
wavelength of incoming X-rays was 1.54A. The sample detector distance was 0.045m. The
printed solid samples were placed in a beam and scattered directly. All scans were obtained
under a vacuum. Collected scans were analyzed using a Gaussian curve to obtain peak positions.
Void space evaluation via SEM and ImageJ software

Scanning electron microscopy (SEM) was used to determine the percent void space in the
printed samples. Sample preparation included fracturing the PP printed samples with liquid
nitrogen, followed by coating with a thin gold layer the sample surface to eliminate surface
charging. The SEM used in this study is a ZEISS-EVO with high electron tension set at 5.00kV,
where an example image is shown in Figure 21.
To determine the percent voids, ImageJ was first used to convert the SEM images to black and

white, the Equation:

total number of black pixels

x100

Void space % =
p % total number of black+white pixels

was then used to determine percent voids in the sample.
Results and Discussion
Particle size and distribution of fabricated PP powders

It is well known that the size of powder particles plays a critical role in governing particle
flow dynamics during the recoating process, and thus directly affects the quality of the prepared
powder bed and, its packing density. Thus, employing the proper particle size and distribution is
vital for effective absorption of laser energy and ensuring proper coalescence during the printing
process. Forming polymer powder with proper size and distribution for the PBF process is
challenging but is required to create molecularly designed powders with similar size and

distribution. Our previous studies have demonstrated that the TIPS process provides pathways to
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Figure 21. Evaluation of void space in the printed sample via SEM and Imagel. (A)
SEM image of the printed sample showing the void spaces. (B) converted SEM
image of the printed sample to black and white pixels using Imagel.
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fabricate polypropylene powders of targeted size and distribution that are suitable for PBF.!*!°
Figure 22 shows the size distribution of the powders created for this study, for both the neat
polymers and all of the molecular weight blends. This figure shows similar size distributions and
the production of powders with average particle size, Dx(50), that is consistent with the particle
size range that is suitable for PBF. The successful production of the PP powders with target
average sizes across various molecular weight and blends underscores the significance and the
ability of the TIPS process in this study to develop and rationally control the powder production
method to create bespoke feedstocks to address current challenges in the PBF process. Moreover,
producing these PP powders with uniform sizes for all samples allows researchers to eliminate
the impact of particle size on the PBF process. Summarily, PP particles of similar size require
similar energy absorption and the influence of particle size on flowability and coalescence are
comparable, allowing for a more detailed examination of molecular weight effects on the PP
molecular weight on the PBF fabrication process.
SEM images of the structure of fabricated PP particles

Figure 23 shows SEM images of the fabricated PP powders, where the particles are
spherical with smooth surfaces. However, a closer examination of the SEM images shows that
the powders formed from the neat 12k sample have some particles that are crumpled, while the
powders formed from the neat 340k sample shows some particles that have rough surfaces.
Intriguingly, these structural characteristics are eliminated when the 12k sample is blended with
high molecular weight polymers using the TIPS process This structural transformation becomes
apparent in the 12k/250k, 12k/340k, and 12k/250k/340k powder particles. These variations in
structure could be attributed to the complex interactions occurring during the formation of
droplets from blends in the TIPS process. The fact that all the PP samples have identical shapes

implies similar particle aspect ratios, suggesting comparable configurations in the print bed
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Figure 22. Particle size and distributions of produced PP powders
analyzed using laser diffraction. The average particle size, Dx(50), is the
proper size (58 um - 86 um) for PBF.

79



SapaT= 00" Dte 1 Jul 2020

20pm
EHT=20004V

Time 110029 Miero
Mag= Center

117KX  WD=125mm Signal A= SE1

12k+250k

EHT= 20004V SoedT= 20" Dete230ct2020  JIAM
Microseo
‘ Mage 842X WD = 140mm Signal A = HOBSD Time:t10412  MEHE

Figure 23. Structures of PP powders obtained via scanning electron microscope. PP
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during powder spreading. This structural similarity provides a foundation to eliminate the impact
of particle shape on the PBF process in this study. This, in turn, allows for a focused
investigation of how the molecular weight of the powders influences the PBF process and the
properties of the resulting printed structures, as detailed below.

Tuning powder zero-shear viscosity

Coalescence is a fundamental aspect of the PBF process that directly impacts the
strength, quality, and properties of printed parts. It depends intimately on the surface tension and
zero-shear viscosity of the polymer. Table 2 shows the average molecular weight and the
polydispersity of the PP powders made from the pure PP and their blends. It is evident that the
inclusion of a polymer with lower chain length,12k PP, notably modifies the average molecular
weight and polydispersity of the 250k and 340k PP counterparts.

Figure 24 correlates the zero-shear viscosities of the powders to the weight average molecular
weight of the polymers, Mw, showing reasonable agreement of the expected molecular weight
dependence of the polymer viscosity (Equation 2). The slight deviation of the molecular weight
dependence of the polymer viscosity from Equation 2, the slope, is not uncommon. In particular,
the zero-shear viscosity depends not only on the weight average molecular weight of the polymer

but also on the polymer polydispersity,®**

which also varies significantly in these samples.

More importantly, the introduction of 12k PP to higher molecular weight PP provides a
controllable method to significantly alter the molecular characteristics of the higher molecular
weight polymers, substantially reducing their zero-shear viscosities; for instance, from 3,027 Pa.s
for 250k to 349 Pa.s for 12k/250k, and from 7,031 for 340k to 426 Pa.s for 12k/340k. The
results of these studies, therefore, offer a pathway to understanding the mechanism by which 12k

additive impacts both the consolidation process of high molecular weight polymers and the

overall quality of the printed structures. Moreover, the authors' prior examination of the particle
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Table 2. Molecular weight characteristics of the PP powders prepared via the TIPS

process.

PP samples used in the TIPS
process

250k

12k/250k/340k (33/33/33 wt.%)

|

2.1
2.2
2.8
5.8
6.4
2.3
14

Mw (1 x10%) Mn (1 x 10%)

Daltons

17

280
360
140
210
300
230

Daltons

8.1
130
130
24
59
130
17

via
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Figure 24. Zero shear viscosities of PP powders as a function
of weight average molecular weight of the polymers.
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coalescence of these powders shows that the addition of 12k significantly increases the
coalescence rate of the powder.!% The substantial decrease in zero-shear viscosity resulting from
the addition of 12k PP is the dominant factor in the previously observed pronounced
enhancement in coalescence. !

Impact of molecular weight on PP printability

All powders except that which is formed from the 12k PP were printable at PBF the set
processing parameters. These printed samples showed minimal warpage during printing, which
led to printed samples that could be tested mechanically. The PBF printing of the 12k powder,
however, showed unique behavior. As shown in Figure 25, the structure that emerges from single
layer scans did not match their defined geometry, which was a square in this case. While the
outline of the scanned layer can be seen, it was observed that the molten polymer shrank from
its defined shape after scanning to form a ribbed structure. In this ribbed structure, many
pathways are thicker than the layer height.

Coalescence of a molten polymer in PBF depends on both the zero-shear viscosity and
surface tension of the polymer. It is hypothesized that for the 12k sample, the viscosity is so low,
that the surface tension dominates the coalescence process, leading to a sample that "over-
coalesces”. Since PBF research is primarily conducted on engineering or high-performance
polymers with molecular weight significantly greater than 12k, it is likely that this material is
below a threshold viscosity necessary for proper coalescence whereas the majority of materials
researched in literature are above this threshold. Due to the over-coalescence that occurred in the
12k sample after scanning, multi-layer samples were not printable. This observation also
emphasizes the need to more thoroughly understand the impact of polymer molecular weight,

viscosity, and melt surface tension on the printing process.
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Figure 25. Single layer scans of the 12k sample resulted in ribbed
structures, which did not accurately match the set layer geometry.
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Properties of the printed parts
Mechanical Performance of Parts Printed from Molecular Weight Blends

Figure 26 shows the thermomechanical behavior of the PP printed parts obtained from
the DMA. Inspection of Figure 26 shows that the parts fabricated from the molecular weight
blends generally exhibit higher storage and loss moduli than that of the parts fabricated from the
pure higher molecular weight PP. For example, at 50°C, the samples printed from the 12k/250k
and 12k/340k powd250bit 52% and 194% higher storage modulus than the samples printed from
the 250k and 340k powder, respectively. Also, at 50°C, the addition of 250k to 340k increases the
340k storage modulus of the printed part by approximately 102% and the storage modulus of the
part printed from the 12k/250k/340k powder is 15% higher than the storage modulus of the part
printed from the 250k/340k powder.

These results are surprising as conventional expectations would suggest that high
molecular weight polymers often demonstrate superior mechanical properties compared to their
low molecular weight counterparts. Additionally, one might expect that incorporating 12k PP in
such large quantities to a high molecular weight polymer would adversely plasticize the polymer
system, potentially weakening the mechanical strength of the printed parts. However, the
findings presented in Figure 26 contradict these assumptions. If the 12k additive were indeed
causing detrimental plasticization on the polymer matrix, we would expect the mechanical
properties of the samples printed from the 12k/250k, 12k/340k, and 12k/250k/340k blend
powders to be significantly weaker than those of the samples printed from the 250k, 340k, and
250k/340k blend powders, respectively. Figure 27 correlates the storage modulus of the printed
parts to the polymer dispersity. Examination of Figure 27 quantifies by how much the addition
of 12k low molecular weight polypropylene to form molecular weight blends significantly

increases the dispersity of the molecular weight blend powders; the data shows that the addition
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of 12k increases the dispersity of larger polymers by more than 100%. Interestingly, the data in
Figure 27 reveals that the blends with higher dispersity exhibit superior mechanical properties.
This further verifies that the introduction of the 12k PP does not detrimentally plasticize the
printed structures.

Furthermore, the storage modulus of the printed parts is plotted as a function of their glass
transition temperature (Tg) in Figure 28. Unsurprisingly, the Tg of the polymer increases with
increasing molecular weight, as one would expect from free volume theory.!%-1%® However, as
was observed in Figure 28, this lowering of Tg does not correspond to a decrease in storage
modulus, as might be expected due to plasticization. Rather the samples printed form powders
of lower molecular weight are stiffer (i.e. higher modulus) than those printed from higher
molecular weight powders. This further emphasizes that the addition of 12k PP to larger
polymers does not have a detrimental plasticizing effect on the mechanical properties, indicating
that the variation in mechanical performance of the various molecular weight blends must be
driven by other factors other than plasticization.

Hence, the subsequent sections are further analysis and experiments to provide insight
into the underlying factors that drive the observed changes in the mechanical properties of the
printed samples.

Crystallinity in printed structures and its impact on storage modulus

The addition of lower molecular weight additives to higher molecular materials can alter
their crystallization processes during the PBF process, influencing changes in the percent
crystallinity and crystal structures of the printed part that could contribute to the improved
mechanical properties.'®!1® As shown in Figure 29a and b, the percent crystallinity of the PP
printed structures determined by DSC ranges from 42-50%, which is consistent with previous

studies.'9%:110
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The addition of 12k PP to the larger polymers, resulted in an increase in crystallinity, relative to
those that are printed from powders that do not contain 12k PP. Moreover, Figure 29a shows a
strong correlation between percent crystallinity of the printed structure and its storage modulus,
where an increase in crystallinity corresponds to a commensurate increase in storage modulus.
The dashed box in Figure 29b shows the storage modulus of melt pressed PP at 50°C with
crystallinities that range from 42-50% as reported by Li et al.!!? It is interesting that the moduli
of the samples printed from the 12k/250k and 12/340k powders approach the modulus of the
melt-pressed PP parts.!! Comparison of the relationship between % crystallinity and storage
modulus of all of the printed samples, however shows that the modulus varies by at least a factor
of four when the crystallinity changes from 42 to 50 %. This is a much broader range in
modulus than the melt-pressed samples, and thus the change in percent crystallinity is not
sufficient to account for the observed variation in storage modulus in the printed samples.
Furthermore, the crystal structures of the PP printed parts were examined by WAXS, as
under certain conditions, PP can form different crystal structures, including a, B, and y phases.
Studies indicate that the presence of the y phase in PP significantly contributes to enhancing
mechanical performance.!!!'> Moreover, it has been established that lower molecular weight can

PULIS “and PP can develop various crystalline

notably augment the formation of the y phase in P
structures, from spherulites to highly oriented shish-kebabs, which can significantly influence the
properties of the printed part.?’

Figure 30 shows the wide-angle x-ray scattering of all samples, showing that powder
molecular weight does not affect WAXS scattering patterns. The lack of variation in the WAXS
patterns indicates that the local ordering of the PP in the crystals is the same for all samples.

Thus, the variations observed in the mechanical properties of the printed parts are not attributable

to differences in any change in the packing of the PP molecules in the crystal structures.
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Void space in printed structures and its impact on storage modulus

PBF processing often results in parts with microstructural defects, including voids,
which can adversely impact the performance of the printed structures. Large voids in PBF parts
signify weak interparticle adhesion- often due to incomplete melting and/or incomplete particle
coalescence, a detrimental aspect that limits mechanical integrity and consistency in
manufactured parts.

The void fraction that is present in each PP printed structure was determined by
analyzing SEM images of specimens' freeze-fractures. As shown in Figure 31, the presence of
the 12k PP in the sample appears to decrease the amount of voids in the printed samples.
Moreover, there is a strong correlation between the decrease in void space and an increase in
storage modulus. This data appears to show that the inclusion of the 12k PP improves the
particle coalescence during the printing process, limiting void space in the printed structure.
Furthermore, the improved melting and coalescence of the powders results in improved
mechanical performance of the printed parts.

We interpret these results to indicate that the incorporation of the low molecular weight
12k PP into the powder increases the molecular mobility of the polymer chain, thus enhancing
particle coalescence without varying the print conditions. These results therefore suggest that
incorporating a low molecular weight additive in the PBF powder lowers the zero-shear viscosity
of the powder, promoting particle coalescence and interparticle adhesion, reducing void space,
and thereby strengthening the printed structures.

In fact, the authors' prior droplet coalescence studies quantified how the molecular
formulation alters the sintering process,'® and showed that the powders containing 12k PP form
substantial neck growth within very short timescales relative to the coalescence of pure

molecular weight powders. For instance, the powder formed from the 12k/250k blend achieves
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0.8 neck growth in just 4 seconds, while the powder formed from the pure 250k polymer only
achieves 0.3 neck growth within the same timeframe.!'*® The notable increase in rate of
coalescence observed in powders formed from blends with 12k PP additives is attributed to a
considerable reduction in zero shear viscosities, driving enhanced coalescence. Moreover, there
is strong agreement between these experimental coalescence studies and the Hopper model,
indicating that the 12k PP is homogeneously distributed in the powder and that the improved
coalescence is primarily driven by the decrease in zero-shear viscosity.!%> Therefore, these
studies demonstrate that molecular formulation of PBF feedstocks can tailor the zero-shear
viscosities of powder polymer, enhancing their sintering during the PBF printing process,
improving their suitability for the PBF process, and providing a mechanism to augment the
overall performance of the structural printed parts fabricated by polymer powder bed fusion.
Conclusion

This study describes an innovative approach for tailoring the molecular characteristics of
polypropylene powder feedstocks for the powder bed fusion (PBF) process via thermally
induced phase separation (TIPS). Unimodal and molecular weight blend polypropylene powders
were fabricated via TIPS to examine how their molecular design impacts the PBF process and
the properties of the resultant printed part. All powders aside from those formed from 12k PP
were printable at the set processing parameters. Failure to print the powder from the 12k PP
suggests a minimum zero-shear viscosity to surface tension ratio is necessary to achieve proper
coalescence of a scanned layer during the PBF process. Examination of printed parts using these
powders shows that the molecular weight blended samples have decreased void space, increased
crystallinity, and stronger mechanical properties relative to the parts printed from unimodal
powders. Powders fabricated from designed molecular weight blends provide a route to improve

the robustness of printed parts by improving coalescence during sintering, reduced void space,
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and enhanced mechanical properties of the PBF printed parts. These studies thus provide the
fundamental understanding of the mechanism by which low molecular weight additives in
polymer blends can improve polymer PBF processability and offer pathways to optimize the
macroscopic properties of the printed parts. Additionally, the designed protocol in this study can

be applied to a variety of materials and processes in PBF additive manufacturing technologies.
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Chapter 4: Design and Characterization of Polypropylene-Polycarbonate Blend Powders as

Feedstocks for Powder Bed Fusion
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Abstract

Developing new polymeric feedstocks and understanding their intrinsic and extrinsic
properties is vital in advancing powder bed fusion (PBF) 3D printing technology. Blending
multiple polymers is an effective method for creating new materials with desired properties. Our
group has utilized a liquid-liquid phase separation (LLPS) processing method to incorporate
polycarbonate (PC) into a polypropylene (PP) matrix to investigate its impact on PP powder
properties tailored for PBF. The findings reveal that adding PC to PP does not significantly alter
the spherical shape and size of the PP particles, suggesting that PP drives the formation of
powder in the LLPS process. Energy dispersive X-ray spectroscopy experiments confirm the
presence of oxygen peaks in every particle analyzed in the blend, with distinct variations in the
intensity of the oxygen signal. This indicates that PC is present in all particles, but its content
varies among individual particles. Morphological analysis of the powder via glass transition
temperature (Tg) measurements revealed significant disagreements with the Fox model, where
the Fox model underestimates the Tg of the blend. This suggests that PP and PC do not form a
completely miscible system in the powder created by the LLPS process. More importantly, the
examination of the crystallization behavior and crystal structure of the PP particles shows that
the addition of PC results in faster crystallization, a decrease in percent crystallinity, and a
reduction in lamella thickness of PP. The increased crystallization rate with PC addition could be
attributed to the lowering of PP viscosity, potentially enhancing polymer chain mobility and
consequently accelerating crystallization. The reduction in lamella thickness could be due to the
presence of PC chains reducing the opportunity for crystalline regions to form during the
crystallization process of PP. These results provide crucial insights into how PC impacts PP
powder properties, offering avenues to tune PP printability and expand material options for the

PBF process.
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Introduction
Polymer powder bed fusion is a 3D printing technology that utilizes laser energy to
selectively melt and coalesce polymer powders layer by layer, offering advantages in creating

intricate geometries and functional parts directly from computer-aided design models.'®!!4115

Powder bed fusion (PBF) was pioneered at the University of Texas at Austin in the 1980s.!%117
Although the technology has undergone numerous revisions and enhancements over the years,
the printing process is fundamentally divided into three core sub-functions: first, powder
(re)coating; second, energy input; and third, coalescence and cooling.?*!'” Powder properties,
including particle size, particle size distribution, particle shape, viscosity, molecular weight, and
crystallization, significantly influence these sub-functions.??

The first sub-function of the PBF process, powder recoating, refers to spreading a new,
thin layer of powder material onto the build platform.?? Spherical particles with smooth surfaces
improve flowability during recoating and are preferred over non-spherical particles with rough
surface morphologies. This is because irregularly shaped particles hinder tight packing, leading
to lower packing densities.?>!!'%!' One mechanism that hinders powder particle flowability is
interparticle adhesion forces.!!'>!2* When these forces are strong, the particles stick together more
readily, leading to high cohesiveness and causing the powder to form agglomerates, thus
reducing flowability.'?° The size of powder particles is a crucial factor affecting the cohesiveness
of the powder.'?° Smaller particles tend to have higher cohesion due to the larger surface area
relative to their volume, which increases the effect of intermolecular forces such as van der
Waals forces and electrostatic attractions. Mullarney et al. and Jallo et al. reported that powder
particles smaller than 20 um have sufficiently large specific surface area, which results in high
adhesion to surfaces and strong cohesiveness between contacting particles, thereby decreasing

flowability. !20-12!
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The second sub-function of the PBF process, energy input, involves transferring heat
energy from a laser to the powder particles, selectively melting them to form layers.?? To
efficiently melt the powder particle, it is crucial to have proper particle size distribution, as
significant differences in particle size can cause smaller particles to melt completely, while larger
particles may only melt partially. Under the same experimental conditions, larger powder
particles typically require more laser energy to melt compared to smaller powder particles.”?
Partial melting of powder particles during the PBF process can lead to inadequate consolidation
of the particles and an increase in voids within the printed parts, thereby reducing their
mechanical performance.”? Powder particles with a size range between 40-100 um are commonly
suggested for powder bed fusion.°

In the third and final sub-function of the PBF process, coalescence and cooling, the
molten polymer particles flow into one another and merge before solidifying upon cooling and
crystallization.?? Coalescence is a vital aspect of 3D printing that directly impacts the strength,
quality, and properties of the manufactured components. The viscosity, molecular weight (Mw),
surface tension, and crystallization rate of polymer powders are crucial factors affecting polymer
chain mobility during coalescence.!%>123:124

One of the drawbacks of polymer powder bed fusion technology is insufficient
coalescence during fabrication due to the high viscosity and rapid crystallization of the polymer
melt. To address this, previous work in our group utilized a molecular design approach to tailor
the viscosity of high Mw polypropylene (PP) to enhance their coalescence dynamics and the
properties of the printed parts. Low Mw PP additives were incorporated into high Mw PP powder
via a processing protocol based on liquid-liquid phase separation (LLPS) to create PP feedstocks
for the PBF process. The results demonstrate that adding a low Mw PP (12 kDa) to a high Mw

counterpart (250 kDa) significantly reduces the viscosity, enhancing the extensional flow and
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increasing the coalescence rate of the high Mw PP. The enhancement in the droplet coalescence
reduces void space and improves the mechanical strength of the resulting manufactured
structures.10%:124

In the context of powder formation, LLPS, also known as thermally induced phase
separation, describes a process where a homogenized polymer solution at high temperature phase
separates into polymer-rich and polymer-poor phases when it is cooled below the miscibility
line.!*?® Cooling the polymer solution below the miscibility line precipitates polymer powder,
which can be obtained after removing the solvent.'*?® LLPS is a cost-effective method for
powder preparation, producing more uniformly shaped powder particles relative to cryogenic
grinding , which leads to irregularly shaped particles and poor particle size distribution.?%?’

In addition to insufficient coalescence during the fabrication process, PBF encounters
several other challenges, such as a limited selection of polymeric materials available for
fabrication, volumetric shrinkage and dimensional error, and residual stress.!'*!25 Currently,
polyamide-based feedstocks (PA12 and PA11) account for around 90% of the feedstocks used in
the PBF process.'?® Conversely, commodity polymers, particularly polyolefins, constitute less
than 5% of the PBF feedstocks.!?® Compared to polyamide materials, polypropylene (PP) has a
lower processing temperature and better chemical resistance.”®'?” Additionally, PP is a highly
cost-effective semicrystalline thermoplastics and is extensively utilized in consumer and
technical products.'?’

Volumetric shrinkage and warp deformation of printed parts is one of the major
challenges associated with printing semicrystalline polymer via powder-based and extrusion-
based 3D printing.?* This is predominantly due to the material-related crystallization rate, percent

crystallinity, and crystal size.”®!?* Polymer crystallization takes place between the glass

transition temperature and the melting temperature of a crystallizable polymer. When a sample
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crystallizes, it develops a predominant crystal lamellar thickness, mainly governed by the
kinetics of the crystallization process.* Thicker lamellae have greater thermal stability and thus
require more energy to melt compared to thinner crystal lamellae under identical experimental
conditions.?? Moreover, in the PBF process, if the laser partially melts the crystals (for instance,
if thicker lamellae are present in the powder) the partially melted lamellae will restrict polymer
chain mobility during particle coalescence and lead to poor mechanical properties in the final
printed part.'?® Dupin et al. showed that as percent crystallinity increases, the ductility, i.e.
elongation at break, of the PBF printed structure decreases.’® Thus, understanding and
controlling crystallization behavior and crystal lamella thickness in 3D printing is vital to
produce high-quality parts with desired mechanical properties. Numerous studies have been
conducted to tailor the crystallization behavior of PP to improve printability and mechanical
performance of printed structures in extrusion-based 3D printing.>*4%:12-132 While PP
crystallization in extrusion-based 3D printing has been extensively studied, 2348-5%:128-132 there
remains limited research on optimizing PP crystallization specifically for the PBF process.

In this work, we present a material formulation protocol to fine-tune and understand the
properties of PP powders before printing them via PBF. More precisely, a polymer blend powder
that consists of polypropylene and polycarbonate is formulated to control the crystallization
Kinetics, crystal lamella thickness, particle size, morphology, and shape of PP powder. This
protocol employs an LLPS processing method to create powders where polycarbonate (PC) is
intimately blended with the PP matrix at various concentrations. Given that PC is an amorphous
polymer, we anticipate significant alterations in the crystallization rate, crystal size, and thermal
properties of the PP in the PP-PC blended powder relative to that in the neat PP powder.

Additionally, PC is known for its high mechanical strength compared to PP, suggesting that
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adding PC to PP powder could potentially enhance the strength performance of the ultimate PBF
printed structures.

Using energy dispersive X-ray spectroscopy and scanning electron microscopy (SEM),
we show that every single powder particle is a blend of PP and PC. The results also show that the
PC content differs among the individual particles. Furthermore, SEM reveals that despite the
significant differences in size and shape between PC and PP powder particles, the addition of PC
does not alter the spherical shape and size of the PP particles. Examination of the Tg of the
prepared powders indicates that the PP/PC blends do not form a completely miscible system.
Differential scanning calorimetry and small angle X-ray scattering results show that the PP-PC
blends crystalize faster and form smaller lamellae thickness than neat PP powder. Moreover, to
our knowledge, this is the first example of the formation of PBF powder that consists of a
polymer blend within each particle. This study, therefore, demonstrates the utility of LLPS in
creating novel powder blends from immiscible polymers that can guide the processing properties
of the polymer for the PBF process, thereby expanding the material options available for 3D
printing applications.

Experimental Section
Materials

Bisphenol A polycarbonates (PC) and isotactic polypropylene (PP) (250,000 Daltons)
pellets were purchased from 3DXTECH and Sigma-Aldrich, respectively. Xylene, ethanol, and
silicone oil were purchased from Fisher Scientific. All materials were used as purchased.

PC molecular weight determination
To determine the molecular weight of the PC pellets, a Tosoh ECOSEC gel permeation

chromatography (GPC) with a refractive index detector was utilized. For this experiment, PC
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was dissolved in tetrahydrofuran to make a solution with a 1.5 mg/ml concentration. The GPC
was calibrated with a polystyrene standard.
Powders formation via liquid-liquid phase separation (LLPS)

Neat PP, neat PC, and PP/PC blend powders were prepared from polymer pellets via
LLPS. To produce neat polymer powders, 4.5 g of polymer pellets and 45.5 g of xylene were
placed in a 250 ml round-bottom flask. The mixture was heated to 190 °C on a hotplate, stirred at
350 rpm, and refluxed for 1 hour for the PP-xylene mixture and 4 hours for the PC-xylene
mixture to dissolve the polymer. After reflux, the mixture was transferred to a cold trap at 40 °C
using a Fischer Isotemp containing 50% water and 50% ethylene glycol refrigerant and left to
quench for 1 hour to precipitate the powders. PP was completely dissolved after the reflux
process. However, not all the PC pellets dissolved after reflux. Therefore, the PC-xylene solution
was decanted to remove the undissolved PC, and the supernatant (dissolved PC in xylene) was
reheated to 190 °C before quenching. The neat PC powder preparation procedure was also
applied to PP/PC blends with PC content ranging from 10 to 50 wt.%. Following quenching, the
precipitated powders were separated from the xylene using vacuum filtration, and the powders
were washed with ethanol three times to eliminate residual xylene. The powders were then dried
to a constant mass at 40 °C in a vacuum oven. Given that not all PC pellets were completely

dissolved during the reflux process, the Equation :

mass of dissolved PC

Amount of PC (%) in the powder = x 100

mass of dissolved PP+mass of dissolved PC

was used to determine the polymer content in the final blend powder. In this Equation , the mass
of dissolved PC was calculated by subtracting the mass of undissolved PC, determined after

drying it to a constant mass, from the initial mass of PC used in the dissolution process.

105



Scanning electron microscopy and energy dispersive X-ray spectroscopy of prepared
powders

Powder samples were sputtered with a thin layer of gold and imaged at a magnification of
500X on a scanning electron microscopy ZEISS-EVO instrument with 20.00 kV electron high
tension. Energy dispersive X-ray spectroscopy (EDS) was performed on the powder samples in
the above SEM using a Bruker XFlash EDS.
Measurement of powder particle size

The particle size was measured by analyzing SEM images of the powder with ImageJ
software. In this analysis, each pixel was calibrated to a length scale using the scale bar on the
SEM image. For each sample formation, about 20 particles were selected, and their maximum
lengths were recorded.
Differential scanning calorimetry analysis

The thermal behavior of all the powder samples was measured using a differential
scanning calorimetry (DSC) Q2000 from TA Instruments. For non-isothermal DSC, about 10 mg
powder sample was heated from -50 °C to 200 °C at a rate of 10 °C/min and then cooled to -
50 °C at 10 °C/min under a nitrogen atmosphere. In this experiment, the percent crystallinity, Xc,
of the neat PP powder was calculated using:

m

0
m

A
Xc = A X 100%

The percent crystallinity, X, of PP/PC blends was calculated using:

AH,,
Xc=——""2x100%
@AH,

, where AH,,, is the measured melting enthalpy of the prepared powder, and the melting enthalpy

of fully crystalline PP material, AH,,° , is 209 J/g.'** ¢ is the weight fraction of PP in the PP/PC
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blend. The glass transition temperature and peak melting temperature were obtained from the
DSC curves via the TA Universal Analysis software. To monitor the crystallization rate,
isothermal DSC was used. In this protocol, about 10 mg powder sample was heated from 20 °C
to 200 °C at a rate of 10 °C/min and equilibrated at 200 °C for approximately 3 mins and then
cooled at a rate of 10 °C/min to 120°C, the crystallization temperature. The powder sample was
subsequently maintained at the crystallization temperature (120°C) for 1 hour before being
cooled to 20 °C at a rate of 30 °C/min. The experiment was performed under a nitrogen
atmosphere.

Small angle X-ray scattering (SAXS)

The scattering experiments were conducted on a Xenocs Xeuss 3.0 x-ray scattering
instrument with a Pilatus3 detector. The x-ray wavelength used was 1.54A. The sample, which
was a powder, was sandwiched between Scotch tape. A blank of pure tape was also scattered, and
the curve of the tape was subtracted from the scattering curve from the sample. The data was
normalized by thickness, and the inherent setup of the system allows immediate normalization to
absolute intensity. Scattering over both ESAXS and SAXS ranges were obtained, with detector
to sample distances of 1.8m and 0.9m, respectively. The two curves were then merged with
careful attention to the intensity from SAXS. The data was then analyzed using the 1-
dimensional correlation function in the XSACT software. This function allows direct analysis of
the lamellae spacing thickness and the crystalline phase thickness by first fitting the background

to a damped Porod function, then performing the correlation function (K(z)).

J 4mq® « 1(q) * cos(q * z)dq

K(z) = -
@ Jo 1(@) * q* dq

This analysis is applied to the raw data, then the resulting curves for the smoothened data and the

raw data are compared until they overlap. At that point, the initial peak is taken as the lamellae
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spacing (Lp), and the x-axis intercept of the linear fit of the resulting curve is the crystalline
phase thickness (Lc). The crystalline ratio is then found from the ratio of the two (crystalline
ratio = Lc/Lp).

Results and Discussion

SEM images and size of powder particles formed by the LLPS process

As discussed above, the shape and size of powder particles impact the particle flowability
in the initial stage of the PBF process, powder recoating. Therefore, it is crucial to evaluate the
powder particle size and shape to determine their suitability for the PBF process and achieve
successful printability. Figure 32 presents the SEM images of neat PP, neat PC, and blended
PP/PC powders. The powders formed from neat PP and the PP/PC blend exhibit a similar shape:
spherical and regular. In contrast, the powders formed from neat PC have non-spherical,
elongated, and irregular shapes. The average particle sizes of the neat PP and the neat PC powder
particles are ~ 49 um and 97 pum, respectively. The average particle sizes of blend powders
formed from the PP/PC blends range between 40 -51 um. These powder particle sizes are in the
range of particle size that is desirable for the PBF process.

Interestingly, despite the substantial difference in size and shape of neat PC powder
particles relative to the neat PP powder particles, the addition of PC to PP does not significantly
alter the size and shape of the particles in the blended powders. This suggests that PP drives the
formation of powders in the blend. The formation of polymer particles in the LLPS process is
primarily governed by droplet coalescence.'**® While the results in Figure 32 suggest that PP
drives the formation of powders in the blend, the exact mechanism leading to the similarity in
structures observed in both the neat PP and PP/PC blend particles remains unclear. However, one
possible explanation is that that phase separation of PP occurs first, which then drives the PC to

simultaneously phase separate along with it.
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Figure 32. SEM images of neat and blended powders formed from LLPS
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Energy dispersive X-ray spectroscopy of prepared powders

Dissolving PP/PC polymers in xylene at elevated temperature and quenching the solution
to induce phase separation to form PP/PC blend powder involves complex interactions that can
significantly impact the morphology of the resulting powder particles and the distribution of the
polymer components within the blended powder. Identifying the presence and distribution of
individual polymers in the blended powder is essential to understand the dispersion of the
individual polymers within the blend powders at the molecular level. Thus, energy dispersive X-
ray spectroscopy (EDS) is performed on the powders to address fundamental questions, such as
whether every powder particle is pure PP and pure PC or each powder particle contains a mixture
of PP and PC. Figure 33 shows the SEM and the EDS spectra of the powder formed from neat
PC, neat PP, and 55/45 PP/PC blend powder. Approximately 20 individual powder particles were
analyzed for each sample, as shown in Figure 33. As expected, neat PC powders have
pronounced oxygen signals at 0.525 keV. Examination of the SEM-EDS of the powder formed
from the blend shows the presence of oxygen peaks in the EDS spectra for all particles examined
in the blend. This indicates that the PC is distributed among all particles throughout the sample.
Interestingly, neat PP also shows a small, baseline signal at 0.525 keV despite no oxygen in the
PP chemical structure. These signals are taken to represent the background intensity of PP.
Consequently, the EDS intensities at 0.525 keV for powder particles formed from neat PP and
PP/PC blends are analyzed and compared, where the intensity in each particle at 0.525 keV is
plotted in Figure 34. Inspection of Figure 34 shows that for every particle analyzed in the blend,
there is a distinct intensity at 0.525 keV, signifying the presence of PC in each powder.
Moreover, for every particle analyzed in the blend, the intensity at 0.525 keV is always higher

than the background intensity of PP, confirming that PC is present in all particles. Therefore,
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SEM-EDS provides a mechanism to qualitatively assess the distribution of the PC in the blend
and demonstrates that every powder particle in the blend is a mixture of PP and PC.
Examining the glass transition temperature of the powder

To gain deeper insights into the phase behavior of the powder, the glass transition
temperature (Tg) of the samples were investigated. The formed powder is a mixture of two
polymers that may exist in any of the four states of miscibility depicted in Figure 35. Measuring
the blend composition dependence of the Tg of the powder provides insight into the phase
behavior of these powders. For instance, in the case of an immiscible blend where each powder
particle consists of pure polymer (case 1), the blend will exhibit two distinct Tgs that are similar
to those of the constituent polymers in the blend. In the scenario where PP and PC are
completely miscible (case 3), a single Tg will be observed, where Tg will be between those of
the two pure polymers and will fit a predictive model such as the Fox equation. A partially
miscible blend (case 2) will exhibit two Tg values that are also intermediate to those of the
constituent polymers, but do not fit the predictive model. Finally, in case 4, where polymers are
immiscible in the same particle, two Tg values closely resembling those of the individual
polymers in the blend will be found. The SEM-EDS result provides the foundation to eliminate
case 1 morphology, as those results clearly show that each particle contains both PC and PP.
To determine whether the powder structure is case 2, case 3, or case 4, the Tgs of the samples
were determined via differential scanning calorimetry (DSC), where the DSC curves are shown
in Figure 36, and the Tg values are presented in Table 3. Interestingly, Figure 36 reveals that
both the neat polymers and the powder blends display a single Tg. The presence of a single Tg
in the blend raises the question of whether the PP and PC form a fully or partially miscible blend.
As the Tg of a miscible blend will fit a predictive model, the experimental Tgs were fitted to the

Fox model, which is given in the following Equation:®*:6®
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Table 3. Tg of powders formed from LLPS process.

Samples Tg (°C)
Neat PP (100/0) -16.5
PP/PC (96/4) 48.3
PP/PC (93/7) 50.6
PP/PC (80/20) 57.4
PP/PC (63/37) 61.1
PP/PC (55/45) 67.5
Neat PC (0/100) 148.7
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1 — w1 +
Tgp Tg1 Tg;

W2

, Where w; and w, are the amorphous weight fractions of PP and PC, respectively. Tg;and Tg,
are the Tg of neat PP and neat PC, respectively, and Tgy, is the Tg of the blend. It is important to
remember that the Tg is only relevant for the amorphous part of the polymer. Given the fact that
PP is semi-crystalline, the composition of the amorphous phase is not that of the blend.
Therefore, the compositions of the amorphous phase must be calculated to be used in the Fox

model. This is determined via the following Equations:

mass of PC

Woh =
2 mass of PC+mass of amorphous PP

Mass of amorphous PP = mass of PP X (1 — % crystallinity)

W1:1—W2

, Where the composition of the amorphous phase (w; and w,) are presented in Table 4.
Figure 37 plots the dependence of the experimental Tg of the blend and that of the Fox equation
using the amorphous weight fraction of PC as presented in Table 4. Inspection of this figure
shows that the Fox model significantly underestimates the Tg of the blend. This indicates that
the blend is not a miscible blend of the PC and the PP. This leads to the conclusion that the
polymer blend particles are forming a partially miscible system, case 2 in Figure 35.
Impact of PC on the crystallization behavior of PP/PC blend particles
Impact of PC on the crystallization rate of PP

The presence of the PC in the PP/PC blend powders will alter the crystallization behavior
of PP, as the presence of PC may hinder or promote the crystallization kinetics of PP. To examine

the impact of the PC on the PP crystallization kinetics, the isothermal crystallization of the neat
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Table 4. Amorphous weight fractions of PP and PC used in the Fox model

Samples Weight fraction Weight
of PC (w3) fraction of PP

(w1)

PP/PC (96/4) 0.08 0.92

PP/PC (93/7) 0.13 0.87

PP/PC (80/20) | 0.33 0.67

PP/PC (63/37) | 0.51 0.49

PP/PC (55/45) | 0.59 0.41
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PP and PP/PC blended powders was monitored with DSC, and their crystallization kinetics were
evaluated using the Avrami Equation:>->

X({t)=1-eK"
In the Avrami Equation, X(t) is the percent crystallinity of PP, t is crystallization time, n is the
Avrami exponent, and K is the crystallization rate constant. X(t) can be expressed in terms of the

heat generated as a function of crystallization time t(Q; ), the heat generated at infinite time

. dH . . .
(Qu), and heat evolution rate (E)’ as shown in the following Equation:>*-¢

x(t) = & = ola)dt
% ()

Both Q. and Q, are obtained from the integration of crystallization peak in the DSC curves.
Applying logarithms to both sides of Avrami equation , the Avrami equation can be rewritten as

follow:

log[-In(1—X(v))] = nlogt + logK

Thus, plotting log[-ln(l-X(t))] as a function of log (t) provides a straightforward analysis to
determine the Avrami exponent from the slope of the line, and the crystallization kinetic constant
from the intercept with the y-axis.’* The crystallization rate constant and Avrami exponent can
also be expressed in terms of crystallization half-time, t1/, , 1o shown in the follwing Equation:

1

(2

~where t1/, is the time at which crystallinity reaches 50%. Consequently, a higher ti> value

indicates a slower crystallization rate.’*** Figure 38 shows the relative crystallinity as a function

of crystallization time for the neat PP and blended PP/PC powders. Table 5 provides the Avrami
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Table 5. Avrami exponent, crystallization Kkinetic constant, and crystallization

half-time of the powders formed from LLPS.

Samples Avrami exponent, n | Crystallization rate | Crystallization
constant, K (s) Half-time, t,,,
Neat PP (100/0) |2.75 8.7 X10¢ 60.6
PP/PC (96/4) 2.84 1.0 X103 50.6
PP/PC (93/7) 2.8 1.6 X105 45.3
PP/PC (80/20) 2.56 4.8 X103 42.2
PP/PC (63/37) 2.42 8.8 X10° 40.7
PP/PC (55/45) 2.38 1.2 X104 38.1
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exponent, crystallization rate constant, and crystallization half-time the of these powders.
Assessment of Figure 38 and Table 5 shows that the addition of PC to PP results in faster
crystallization. Moreover, as the PC content increases, the crystallization rate increases. The
increase in the PP rate of crystallization may be attributed to changes in blend viscosity with the
addition of PC. The molecular weights of the PC and PP pellets used in forming these powders
are 36 kDa and 250 kDa, respectively. The molecular weight of PP is approximately 7 times
higher than that of PC, indicating that PC has shorter chains and less chain entanglement.
Consequently, when mixed, PC can act as a plasticizer for the higher molecular weight PP,
reducing the overall viscosity of the blend. Increased polymer chain mobility impacts the
crystallization rate by enabling polymer chains to more quickly assemble into ordered structures.
Thus, the plasticizing effect of the PC will enhance the movement of polymer chains into
growing crystalline regions, and promoting faster crystal growth.’!>” We interpret that the more
rapid crystallization observed in the PC/PP blend powders may be attributed to the reduction in
the blend viscosity, which potentially enhances polymer chain mobility and accelerates
crystallization. Furthermore, since viscosity is concentration-dependent, the viscosity of the
blend likely decreases with increasing PC content, leading to a higher crystallization rate as the
PC content increases in the blend.

Further examination of Table 5 reveals a slight change in the Avrami exponent with blend
composition, where » ranges from approximately 2 to 3. The Avrami exponent provides
information on the type of nucleation mechanism and geometry of the crystal growth. Therefore,
changes in the Avrami exponent with blend composition suggests a change in the nucleation
mode and crystal geometry. Crystallization begins with a nucleation process and progresses
through crystal growth.>!> When all nucleation centers emerge simultaneously at the outset, it is

termed instantaneous nucleation. In contrast, if nuclei appear as a function of time throughout the
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polymer volume, it is referred to as sporadic nucleation.>? The Avrami exponent, n, indicates the
dimensionality of crystal growth: n =1 corresponds to one-dimensional crystal growth, such as
rods; n =2 to two-dimensional crystal growth, like disks; and n =3 to three-dimensional crystal
growth, such as spheres.>>-’ Relating this fundamental information to the Avrami exponent of
the powders presented in Table 5, it is clear that the powder samples undergo either
instantaneous nucleation or sporadic nucleation, forming crystals with circular or spherical
geometry.

Impact of blend composition on percent crystallinity, melting temperature, and crystal structure
of PP

The percent crystallinity of the powders and the peak melting temperature obtained from
DSC curves are plotted as a function of PC content in the blend in Figure 39. Upon inspection of
Figure 39, it is evident that adding PC to PP results in a decrease in both percent crystallinity
and melting temperature. This reduction is attributed to the presence of PC chains, which limit
the formation of crystalline regions in the PP.

One of the goals of this study is to control the crystal lamella thickness of the PP powder,
as the crystal size in the powder can impact the required melting during the powder bed fusion
process. As previously discussed, thicker lamellae in the powder can result in only partial
melting by the laser, which will limit polymer chain mobility during coalescence and result in
poor mechanical performance of the printed structures.

Thus, small angle x-ray scattering (SAXS) was performed on the powders to determine
the lamellar structure in the powder particles Figure 40 shows the thickness of the lamellae in
the powder obtained from the SAXS experiment. As illustrated in Figure 40, the size of PP
lamellae, and consequently the crystal size, significantly decreases with the addition of PC.

Thus, we expect the decrease in lamellae size in these powder particles to benefit the PP powder

124



167.4 T r T T T
167.2 4 =— Melting temperature - 52
== % crystallinity
$ 167.0- [ 5o
@
5 2
g 166-8 = :§
g a8 S
2 166.6 - -
E >
2 3]
g, 166.4 4 - 46 2
=
g 166.2 <
- 44
166.0 4
165.8 T r T T r 42

0 10 20 30
wt.% of PC in the blend

Figure 39. Percent crystallinity and melting temperature of

40

50

prepared powders as a function PC content in the blend

125



-
L]
o

0 10 20 30 40
Wt.% of PC in the blend

Figure 40. Lamellae thickness of the prepared
powders as a function of PC content in the blend

50

126



bed fusion process by enhancing melting efficiency, enabling particle coalescence, resulting in
better quality and mechanical performance of the final printed parts.
Conclusion

This research program employed a liquid-liquid phase separation (LLPS) to create
powders that are tailored for polymer powder bed fusion (PBF) that consist of a blend of
polycarbonate and polypropylene in each particle. Analysis of the resultant powders shows that
incorporating PC into the opowder with the PP does not significantly alter the shape and size of
powder particles, suggesting that PP predominantly controls particle formation in the LLPS
process. Energy dispersive X-ray spectroscopy confirmed the presence of an oxygen peak in all
particles analyzed, indicating that the PC and PP exist in each particle. Analysis of the phase
behavior by monitoring the glass transition temperature revealed significant discrepancies with
the Fox model, suggesting partial miscibility between PP and PC during the LLPS process.
Moreover, investigation into crystallization behavior and crystal structure showed that adding PC
accelerates the crystallization of the PP, leading to decreased percent crystallinity and thinner
lamellae. The increased crystallization in the blend is likely facilitated by reduced PP viscosity,
enhancing polymer chain mobility and nucleation rates. The reduction in lamella thickness could
be due to the presence of PC chains reducing the opportunity for larger crystalline lamellae to
form during the crystallization process of PP. These insights into the properties of PP-PC blended
powders are crucial to optimize their processability in the PBF process. To our knowledge, the
formation of PP-PC powders through the LLPS process and their application in the PBF process
have not been reported previously. We anticipate the newly designed PP/PC feedstocks to
broaden the range of materials available for the PBF process. Future research will focus on
printing the powder samples via PBF to investigate the impact of PC on the quality and

mechanical performance of PP printed parts.
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Chapter 5: UV Light Exposure Modifies the Molecular Weight Characteristics and

Improves the Melt Extrusion Additive Manufacturing of Polycarbonate
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A version of this chapter was published by Akan A. George and Mark D. Dadmun: George, A.
A.; Dadmun, M. D. “UV Light Exposure Modifies the Molecular Weight Characteristics and
Improves the Melt Extrusion Additive Manufacturing of Polycarbonate. ” ACS Applied Polymer
Materials, 2024, 6, 20, 12559—-12567, 10.1021/acsapm.4c02110
Abstract

Bisphenol A polycarbonates (PC) are among the important engineering thermoplastics
utilized as feedstocks for melt extrusion additive manufacturing, including fused filament
fabrication (FFF). However, limited diffusion of polymer chains between adjacent layers and
complex thermal histories encountered during the printing process lead to poor interlayer
adhesion, residual stress, and voids in the printed parts, which in turn leads to poor mechanical
performance and mechanical anisotropy. To address these issues, our group has modified an FFF
printer by integrating an ultraviolet (UV)-LED optical fiber into the printer head. This
modification allows for real-time illumination of the printed structure during the deposition
process, enabling a thorough investigation into its impact on the FFF process and the properties
of the resulting printed parts. Examination of the mechanical behavior and fracture surfaces of
the printed parts shows that PC printed with UV light attains higher toughness both in the
transverse and longitudinal directions, as well as decreased void space compared to PC printed
without UV light. Careful analysis of the molecular weight characteristics of the printed parts
shows that PC printed with UV light has a slight decrease in average molecular weight and a
broader molecular weight distribution compared to PC parts printed without UV light. This
indicates that the polymer chain scission upon UV light exposure leads to the formation of
shorter polymer chains and broader range of chain sizes, which in turn increases in the toughness
of the UV-light-printed PC. These observations are interpreted to indicate that the change in

molecular weight distribution upon UV illumination fosters improved interfilamentous diffusion,
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consequently lowering the interlayer voids, and thus enhancing the mechanical performance.
These findings therefore provide foundational insights into how UV light can be used to tune the
molecular weight distribution of the polymer and thus impact the FFF process, offering a
distinctive and straightforward strategy to tune the properties of parts created by extrusion
additive manufacturing of a range of thermoplastics.
Introduction

Fused filament fabrication (FFF) is an additive manufacturing (AM) technique that enables
rapid object design and prototyping with large-scale manufacturing capabilities.’® The print
process of FFF begins by using computer aided design software to create a 3D model of the
desired structure.>!'° The 3D model of the desired structure is then sliced into thin layers using
slicing software, which generates G-code that the printer reads to fabricate the desired structure
in a layer-by-layer fashion.®> FFF uses polymeric filament in the printing process, where the
thermoplastic filament is passed through a heated nozzle, heated to a molten state and then
extruded via a 3D printer nozzle. The movement of the 3D printer nozzle head deposits the
extruded material on the build plate according to the G-code instructions for a given layer. The
print head then moves up to deposit subsequent layers. This layer-by-layer process continues
until the required object is completely fabricated.*!°

FFF technology offers a rapid method to create complex objects with low cost and design
flexibility. However, major shortcomings of the layer-by-layer process of creating 3D printed
parts include lack of part reliability*® and anisotropic mechanical performance, where
longitudinally printed parts exhibit significantly higher mechanical properties compared to parts
printed in a transverse orientation.® These shortcomings are associated with the complex shear
and thermal histories the filament experienced due to the layer-by-layer deposition process of

FFE.%1%30 As molten filaments are deposited onto previously deposited solidified layers, a
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conductive heat transfer to the bottom portion of the print occurs.* This initiates repetitive
heating-cooling cycles and a thermal gradient that intensifies as the print increase in height along
the perpendicular direction, the z-axis.!®*® This dynamic and variable nature of the temperature
profiles experienced by the printed material during the printing process results in residual stress>’
and limited diffusion of polymer chains between adjacent layers,!® leading to poor interlayer
adhesion and formation of large voids between solidified layers. Also, the layer-by-layer
deposition process of FFF reduces the interaction of polymer chains between adjacent layers,
limiting chain entanglement between subsequent printed layers, and consequently, resulting in
inadequate welding and weak interfaces.®>° Poor inter-filament bonding, residual stress, large
voids between fabricated layers and poor chain entanglement between filaments results in
anisotropic behavior, poor mechanical performance of the printed parts, and lack of part
reliability,-10-30-58.59

In addition to the complex thermal history affecting the interlayer adhesion, several print
parameters such as the print temperatures, print orientation, print speed, and layer height have
been shown to influence the welding of adjacent layers during the printing process, which in turn
affects the resulting mechanical performance of the printed structure.'3*!*® Numerous research
endeavors have focused on the optimization of these print parameters as strategic approaches to
alleviate anisotropic behavior and improve mechanical performance of FFF printed samples.
Despite efforts to optimize these parameters, the reduction in anisotropy and overall
improvement in part properties remain limited.!%*!!3° In fact, optimizing a set of parameters to
enhance one specific property can lead to a deterioration of other printed part properties and
compromise other aspects of the printing process. For instance, aiming for minimal dimensional
error and surface roughness, lower extruder temperatures or the implementation of active cooling

are recommended. However, such adjustments can diminish the overall strength of the part due
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to a reduction in interlayer bond strength.!** Similarly, reducing layer thickness may improve
bonding but at the expense of increased printing time.!3%!4

Consequently, recent research has shifted focused towards material designs and slight
modifications of the printing process as more promising routes for increasing interfilamentous
adhesion, mitigating structural anisotropy, and improving the mechanical properties of final
printed parts. This methodology entails manipulating the filament by introducing low molecular

8:58.39 incorporating additives like graphene,’ or utilizing crosslinking

weight polymers,
agents.!%!*1:142 However, a constraint associated with material design is the intricate synthesis
process, which may prove to be both expensive and time-consuming. Additionally, incorporating
crosslinkers in the FFF process may require specific delivery steps to the interfilamentous
interface, which can add complexity to the printing process. For example, in a study by Perryman
et al., multi-amines crosslinkers were deposited during the fabrication process by applying
crosslinker solutions to the central layers of the printed sample during printing. This was
achieved by soaking cotton swabs in the crosslinker solution and then manually painting the
crosslinker solutions onto the filament.'® These limitations underscore the need for research to
simplify material design to improve the manufacturing efficiency in the FFF process and the
resulting mechanical behavior of the fabricated structures.

In this study, we identify a promising avenue for improving the properties of polycarbonate
(PC) printed by the FFF process, where synthesis of additional materials, utilization of additives,
or crosslinkers are not needed. PC is an engineering thermoplastic known for its high impact
strength, temperature resistance, excellent dimensional stability, transparency, and resistance to
creep.'*1% It finds widespread application across various industrial sectors due to these

desirable properties. Figure 41 illustrates the chemical structure of PC. In this research, we

investigate the efficacy of ultraviolet (UV) in-situ illumination of PC to enhance polymer chain
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diffusion and adhesion throughout the printing process, aiming to potentially minimize
anisotropy and enhance the mechanical integrity of the printed parts.

As shown in Figure 41, PC possesses functional groups, including carbonate groups and
isopropylidene linkages, which serve as potential reactive sites for various chemical processes,
particularly when exposed to external stimuli such as thermal energy and UV radiation.'#>14
Numerous studies have shown that exposing PC to UV irradiation at elevated temperatures can
lead to direct cleavage of the CO-O bond, generating phenoxyl (R!) and carboxyl radicals
(R?).148.150-152 These radicals readily undergo further chemical reactions, including hydrogen
abstraction, decarbonylation, decarboxylation and combination, resulting in the formation of
various new functional groups and oligomers, as summarized in Figure 42.!45150-152

The diffusion of polymer chains plays a significant role in FFF 3D printing, influencing
various aspects of the printing process and the properties of the printed components. For
example, improved polymer diffusion is essential to enhance interlayer adhesion, expedite
interfilament coalescence, and minimize void spaces between layers during the deposition
process. 3303839153157 polymer chain diffusion is a crucial molecular level process to form strong
adhesion between layers. Coalescence of adjacent filaments occurs through viscous flow and
molecular diffusion of the polymer chains.!*> The bonding strength between adjacent filaments
depends on the neck size formed during coalescence and the extent of chain entanglement,!36157
Faster molecular diffusion between adjacent filaments leads to larger neck sizes, resulting in

stronger adhesion between the filaments. Moreover increasing the neck size and improving

entanglement across interfilament interfaces reduces interfilament voids, further strengthening
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Figure 41. Chemical structure of bisphenol-A polycarbonate (PC).

n is the number of repeating units in the polymer chain

n
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Figure 42. Photodegradation of PC, leading to the formation of various smaller

molecules. Rl, Rz, RS, and R are phenoxy, carboxyl, phenoxy, and phenyl radicals,
respectively. n is the number of repeating units in the polymer chain. y is the number
of repeating units that have been removed from PC during degradation.
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the FFF-printed structures.
It is well established that small polymer chains diffuse more quickly compared to their larger
counterparts, where the diffusion coefficient (D) of a polymer is inversely related to the square of

its molecular weight (Mw), as shown in the following Equation:*’

D~ Mw™2

Consequently, under the same condition, smaller chains move significantly faster than their
larger counterparts. Moreover, the distance (X?) that the center of mass of a polymer chain
diffuses in 3 dimensions over a period of time (t) is related to the diffusion coefficient, as shown

in the follwing Equation:*®

x2 = 6Dt

The Equations above offer a quantitative understanding of how the size of polymer chains can
impact the FFF process, where, under the same experimental condition, larger polymer chains
require more time to diffuse across or between interlayer interfaces and travel a shorter distance
than smaller polymer chains over the same time period.

From this background knowledge, we hypothesize that printing PC via FFF at elevated
temperature under UV light radiation will alter the molecular structure of the PC, such as a
decrease in its molecular weight (Mw) and alterations in its Mw distribution due to chain
scission. This process generates a range of chain sizes that could facilitate diffusion and enhance
interlayer adhesion during the FFF process. Therefore, in this study, we will examine the impact
of UV-light exposure on the structure, and properties of polycarbonate structures printed by FFF.
Providing an understanding of molecular-level processes that are altered by UV-light exposure

which govern interlayer adhesion will establish foundational knowledge to formulate polymeric
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materials for improved properties of parts fabricated by additive manufacturing. Moreover, the
strategy described in this work presents a cost-effective approach to tune properties of printed
parts in FFF process, offering an economically viable alternative to material design methods
involving intricate synthesis procedures.
Experimental section
Polycarbonate filament preparation

Polycarbonate (PC) pellets purchased from 3DXTECH were dried under vacuum at
110°C prior to use. These dried pellets were then processed into filaments using a Filabot EX6
single screw extruder. Extrusion temperatures for the front, middle, and back heating zones of
the extruder were set to 220°C, while the feed zone temperature was set to 50 °C. The resulting
filaments were extruded to a diameter of 2.70 = 0.10 mm.
Sample printing, tensile specimens’ preparation, and tensile testing
The prepared filament was fed into a LulzBot TAZ 5 3D printer with a 0.5 mm nozzle to print
cubes. The printed cube has dimensions of 70 mm x 70 mm x 20 mm, with a wall thickness of
3.58 mm. Printing parameters included a nozzle temperature of 290°C, a bed temperature of
135°C, a layer height of 0.3 mm, and an infill density of 100%, with a print speed of 60 mm/s.
After printing, cubes were allowed to cool to room temperature before removal from the print
bed. Dogbone tensile bars, adhering to the ASTM D638-V standard, were cut from the printed
cubes using an OMAX 2626 waterjet cutter. The dogbones were cut in two orientations as shown
in Figure 43, where the filament orientation in the final dogbone is either transverse or
longitudinal to the print direction. To establish statistically relevant results, a minimum of two
cubes were printed, and at least 10 tensile bars were generated for each test. The dogbones were
dried under vacuum at 110°C overnight, and subsequently, their tensile properties were

determined via an Instron 5965 machine with an extension rate of 1.00 mm/min. For samples
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Figure 43. Photo of the printed cube with an overlaid schematic of the dogbone tensile
bars as they are cut from the cube wall. The specimens on the right were cut with
filament orientation parallel to the print direction, (longitudinal), while those on the left
were cut with filament perpendicular to the print direction (transverse)
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printed under UV light, the same procedures were followed, with the addition of an LED fiber
optic cable connected to the printer head to irradiate the structures with UV light (A = 365 nm)
during the deposition process, as illustrated in Figure 44. For this experiment, a Thorlabs
M365FP1 fiber-coupled LED paired with an LEDD1B driver is used. The fiber delivers a
minimum power output of 9.8 mW at a drive current of 1400 mA. During the printing process,
the fiber optic is positioned approximately 0.8 cm from the sample. Irradiation occurs directly on
the filament below the printer nozzle, where the filament is extruded and deposited, as shown in
Figure 44. UV light irradiates the PC sample throughout the entire printing process. The UV
exposure time for any specific section of the print during the deposition process is approximately
2 seconds. The irradiance at the sample surface during the deposition process is approximately
0.063 W/m? and was measured using a Fisher Scientific traceable calibrated light meter. The
integration of UV light into the FFF printer does not require significant alterations to the printer
head. Importantly, the heat generated during printing does not affect the UV light fiber, ensuring
practicality and efficiency.
Molecular weight characterization
The molecular weight and dispersity of the bulk PC samples were determined by gel permeation
chromatography using a Tosoh EcoSEC equipped with a refractive index detector. In this
analysis, tetrahydrofuran is the eluent and a PC solution concentration of 1.5mg/ml was used. All
molecular weights are reported relative to a calibrated polystyrene standard.
Void space analysis via scanning electron microscopy

The fracture surfaces of the PC dogbones were imaged to visualize the voids between the
printed layers using a ZEISS-EVO scanning electron microscopy (SEM) with a high electron
tension set at 5.00kV. Prior to imaging, the fracture surfaces were sputter coated with gold to

eliminate surface charging. The images were magnified between 33 and 200 X, with a working
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Figure 44. Photo of the in-situ UV irradiation of PC during FFF deposition process.
The fiber optic is positioned approximately 0.8 cm from the sample. Irradiation
occurs directly at the printer nozzle where the filament is extruded and deposited.
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distance ranging from 18 to 32 mm. Employing lower magnifications facilitated the imaging of
expansive areas of the fracture surface, ensuring a precise depiction of the voids across the entire
surface. The fracture surfaces utilized for this analysis were obtained from the tensile
experiments, as submerging PC dogbones in liquid nitrogen for approximately 15 minutes did
not enhance the embrittlement of the polymer. Not all dogbone cross-sections were able to be
analyzed due to tortured fracture surface from the breaking process. Nevertheless, a minimum of
three dogbone cross-sections were examined for each sample. The amount of void space was
determined by analyzing the resultant SEM images with ImageJ software, where a threshold tool
was employed to identify and separate the black areas, representing voids, on the fracture
surface. The number of pixels within these void areas was then counted. Finally, this count was
divided by the total number of pixels in the image to calculate the percentage of void space, as
shown in the following Equation:

total number of black pixels

x100

Void space % =
p % total number of black+white pixels

Results and discussion
Mechanical properties of PC FFF printed parts

The process of FFF induces a complex shear and thermal history on the printed material that
can lead to significant mechanical anisotropy in the resultant printed parts. To monitor the
anisotropic behavior of the printed parts, dogbones were cut from the cube in two orthogonal
orientations, as shown in Figure 43. Transverse and longitudinal specimens were cut from a
printed cube to ensure uniform thermal histories for each sample. Figure 45 shows
representative examples of the stress-strain curves of the PC printed parts in the two orthogonal
directions. As expected, the mechanical properties in the longitudinal direction are better than

those in the transverse direction. Surprisingly, however, the PC parts printed exposed to UV light
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Figure 45. Stress-strain curves of PC FFF printed structures.
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exhibit enhanced mechanical properties in both directions compared to those printed without UV
light. Figure 46 presents the toughness and tensile strength of the PC printed parts, reflecting
their energy absorption capacity and resistance to tension-induced rupture, respectively. Figure
46b reveals little change in tensile strength when comparing the mechanical properties of the
samples that are fabricated with UV off or UV on, irrespective of the direction. Conversely,
Figure 46a illustrates a notable enhancement in toughness when the sample is printed with UV
exposure in both directions, with 30% and 43% increase in longitudinal and transverse
toughness, respectively, relative to samples printed without UV light. The observed
improvements in longitudinal mechanical performance of the samples that are illuminated with
UV are consistently greater than those in the UV off samples across all trials, as shown in Table
6. These results are surprising, as conventional assumptions might suggest that printing
polycarbonate under UV light could degrade the polymer, deteriorating the mechanical strength
of the printed parts. Nevertheless, the findings in Figure 46 challenge these hypotheses.
Consequently, further analysis and experimentation are needed to elucidate the underlying
mechanisms driving the observed changes in mechanical behaviors.
Void Space Analysis

SEM images of the fracture surfaces of longitudinally oriented dogbones are examined
to document the impact of UV light exposure during printing on the void structure. Figure 47
shows representativ SEM images of the interfilament voids for both samples printed with and
without UV light. These results offer qualitative insight into how UV illumination impacts the
FFF process and the resulting properties of the printed parts. Examination of the fractured
surface of the PC material shows that parts printed with UV light exhibit fewer interfilamentous
voids compared to those printed without UV illumination. Quantitatively, the percentage of voids

present in the samples is shown in Figure 48, indicating a 57% decrease in void space with UV
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Table 6. Longitudinal mechanical properties of PC printed with UV off and UV on

Experiment/ Toughness (N-mm)

number of cubes

printed
PC UV PC UV on
off

1 1208 1393

2 974 1317

3 725 1077
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Figure 47. SEM images of longitudinal fracture surfaces of PC FFF printed parts. UV off printed
parts (left), UV on printed parts (right), low magnification (top), high magnification (bottom)
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irradiation compared to parts printed without UV light. The decrease in void space in the UV on
samples is consistently greater than in the UV off samples across all trials, as shown in Table 7.
This analysis suggests that UV illumination improves the diffusion of the polymers
between filaments during the deposition process, creating a denser structure with fewer voids,
thereby enhancing adhesion between filaments and enhancing the mechanical properties of the
printed parts. At the molecular level, one of the major factors influencing the diffusion of
polymer chains during the FFF process is the size of the polymer chains. Smaller chain sizes
promote faster reptation processes during the FFF fabrication process. Therefore, one hypothesis
is that UV illumination decreases the molecular size of the polymer through chain scission,
facilitating molecular diffusion and interlayer adhesion during the printing. To validate this
hypothesis, investigation of the molecular weight characteristics of the filament before printing
and the polymer in the printed structure is necessary.
Effect of UV light on molecular weight characteristics of PC printed parts and FFF process
Polymer fragmentation leads to a decrease in molecular weight.!>%!> In order to assess
the impact of UV light irradiation on the fragmentation of the polymer, the molecular weight of
UV-light-printed PC parts were analyzed and compared to those of PC parts printed without UV
light, that of the original PC pellet, and that of the PC filament before printing. Figure 49
presents the molecular weight of the PC printed parts, as well as that of the PC pellets and PC
filament prior to printing.
Inspection of Figure 49 shows that the molecular weight of the polymer decreases during the
filament formation process and decreases further after the filament is printed. This indicates that
the extrusion process induces reactions that decrease the polymer molecular weight. Polymer
pellets are melted at high temperature and extruded through a nozzle to create the filament.

Throughout this process, the polymer undergoes significant thermal stress, mechanical forces,
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Table 7. Void space from longitudinal fracture surfaces of PC FFF printed parts

Experiment/ Void space (%)
number of cubes
printed

PCUVoff | PCUVon
1 6.72 2.83
2 7.86 3.46
3 9.0 4.04
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Figure 49. Weight and number average molecular weight of
PC determined via gel permeation chromatography.
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and shear forces, all of which can induce chain scission, breaking the polymer chains into
smaller segments. Moreover, both the weight average and number average molecular weight of
the printed samples decreased more with UV exposure than in the printed sample without UV
exposure. Experiments were designed with multiple replicates to ensure data reliability, as shown
in Table 8.This additional decrease in PC molecular weight upon UV exposure is consistent with
previous studies that document the susceptibility of polycarbonate to chain scission with UV
exposure. >

Although the decrease in molecular weight upon UV exposure is subtle, this change may
be sufficient to affect the printing process and weaken the mechanical properties of the resulting
printed parts. Previous studies have indeed shown that the degradation of polymers during the
FFF process results in decreased mechanical properties of the printed parts.'*!¢! However, our
findings, as illustrated in Figures 45 and 46, contradict this expectation, demonstrating that
samples printed with UV light exhibit improved mechanical properties compared to those printed
without UV light, despite having (a slightly) lower molecular weight due to degradation. This
implies that the degradation occurring during the printing and UV irradiation benefits the FFF
process.

One possibility is that the decrease in molecular weight improves the interfilament
adhesion, but is not sufficient to decrease mechanical properties. The improvement would appear
to be related to the fact that a decrease in molecular weight leads to an increase in the diffusion
coefficient and the distance that a given polymer can diffuse in a given time. Assessment of
Figure 49 and Equations 4 and 5 reveals that the change in molecular weight results in a 36%
increase in the average diffusion coefficient and a 16% increase in the average diffusion distance
when comparing the structure that are printed with UV off and UV on. Thus, the polymers in the

UV irradiated sample diffuse faster than those printed without UV. Given that the thermal and
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Table 8. Molecular weight and dispersity of PC FFF printed parts

Experiment Mn (g/mol) Mw (g/mol) Mw/Mn

/ number of

cubes

printed
PCUV |PCUV |PCUV |PCUV |PCUV |PCUV
off on off on off on

1 13,599 | 10,903 | 27,843 | 27,548 2.0 2.5

2 14,471 | 11,529 | 28,152 | 27,682 1.9 2.4

3 14,446 | 12,756 | 30,373 | 29,063 2.1 2.3
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shear histories of the two samples are similar, the UV exposed polymer chains diffuse farther in
the printing process than those not exposed to UV. This improved diffusion between layers may
increase interlayer adhesion and reduce void space in the FFF printed parts.”® In fact, Figure 48
demonstrates that UV irradiation significantly reduces void space in the printed part.
However, the 36% increase in average diffusion coefficient and 16% increase in average
diffusion distance does not appear to be sufficient to account for the significant change in void
space. For instance, it is hard to imagine how a 16% increase in average diffusion distance
translates in a 57% decrease in void space. Therefore, the observed change in void space must be
driven by other molecular weight characteristics apart from the alteration in the average
molecular weight. With this in mind, Figure 50 shows GPC traces, providing a qualitative
comparison of the molecular weight distribution (MWD) of the PC in the printed parts, revealing
a broader MWD of the PC printed with UV light compared to the PC in those printed without
UV light. This figure elucidates the wider range of molecular sizes that emerge from the polymer
chain scission due to UV illumination, including an enhanced low molecular weight tail
(circled). As previously discussed, effective molecular diffusion is imperative to achieve
adequate layer-layer adhesion and decrease void space in FFF process. For a robust interlayer
interface, polymer chains must diffuse into the adjacent layer and become entangled during the
printing process,*® with the development of interfacial bond strength depending on the number of
polymer chains that diffuse across the interface.!>* Thus, any factor that affects molecular
diffusion in FFF process will impact interfilament adhesion and void formation, where the data
presented here suggests that an increase in polymer molecular weight dispersity is important in
realizing the improved diffusion.

Unfortunately, the impact of polymer molecular weight dispersity on molecular diffusion

is not very well studied. In one study, Qiu et al. demonstrated that a broader molecular weight
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dispersity facilitates faster polymer chain diffusion.!®? In these studies, it was observed that the
diffusion coefficient of the polymer increased by a factor of 5 with an increase in the dispersity
(P) of the polymer from 1.05 to 1.33. They interpret this to indicate that the polymer with a
broader dispersity (P=1.33) contains more small chains than a polymer system with a similar
average molecular weight and more narrow dispersity, accelerates molecular diffusion. '

The experimental results of Qiu et al. provides a compelling evidence that a broader
molecular weight dispersity significantly increases molecular diffusion; a 27% increase in D
leads to about fivefold increase in the diffusion coefficient.!®? Inspection of Figure 49 shows
that the P of the PC printed with UV on is 13% larger than the D of the PC printed with UV off.
Although the exact increase in the diffusion coefficient that results from a 13% increase in D is
not known, Qui et al.’s result and the pronounced reduction in interfilament voids in the PC
printed with UV light relative to the PC printed without UV light suggests that it is significant.
Thus, we ascribe the enhanced interfilament adhesion in PC printed with UV light to an increase
in molecular weight dispersity that emerges from UV induced chain scission, resulting in
increased rate of molecular diffusion.

An additional factor that may contribute to the improved interlayer adhesion and layer-to-
layer diffusion is the surface segregation of the smaller polymer chains to the filament interface
that would further enhance interfilament diffusion. Experimental studies have shown that
surface segregation of smaller polymer chains to the interfilament interface is a crucial
mechanism to reduce void space and strengthen FFF printed parts.®*° For example, Levenhagen
et al. showed that the addition of low molecular weight surface segregating additives to
commercially available acrylonitrile-butadiene-styrene (ABS) decreased the void space of ABS
by more than 30%, substantially strengthening FFF ABS printed parts.® These studies showed

that the lower molecular weight additives tend to surface segregate to the interfilament interface
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more readily than higher molecular weight filament components, forming entanglements and
improving adhesion between adjacent filaments.® This surface segregation is consistent with the
entropic preference of polymer chain ends to the surface of a polymer melt.®*-6> Additionally,
Chen et al. have demonstrated the significance of chain ends in promoting adhesion at a melt
interface, where their studies show that interfacial adhesion increases at a polymer-polymer
interface as the number of polymer chain ends at the interface increases.®? Their interpretation of
the data indicates that the increased mobility of chain ends fosters a greater rate and depth of
interpenetration across the polymer interface. Increased interpenetration forms a more extensive
polymer network at the interface, thereby improving adhesion. Moreover, the number of chain
ends increases as polymer chain length decreases.®?

The changes in the molecular weight characteristics of the PC that occur during printing
in the presence or absence of UV is completely consistent with this interpretation. Inspection of
Figures 49 and 50 shows that PC printed with UV light has a wider range of molecular sizes and
more smaller chains compared to PC printed without UV light. The PC printed with UV light
therefore has more chain ends than the PC printed without UV light, where these additional chain
ends surface segregate during the printing process. We hypothesize that the greater number of
polymer chain ends in PC printed with UV light results in more smaller chains segregated to the
polymer interface which then more effectively penetrate the filament-filament interface to form
entanglements between layers. This results in the PC printed with UV light to exhibit greater
interfilament adhesion and fewer voids than those compared to PC printed without UV light. The
data in Figures 45, 46, 47, and 48, document the pronounced improvement in the mechanical
strength and significant reduction in interfilament voids for the PC printed with UV light relative
to the PC printed without UV light. Thus, we holistically interpret the results presented here to

indicate that the change in D in the PC that is exposed to UV illumination results in the
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formation of many smaller chains with more chain ends, improving interfilament diffusion and
entanglement across the interfilament interface, thereby reducing interlayer voids and enhancing
mechanical performance. The duration of UV exposure is a critical factor that could influence the
extent of polymer chain scission and, consequently, the Mw, MWD, and printed part properties.
Hence, the impact of varying UV light intensity and UV light exposure time on the FFF process
of PC will be investigated in future work.

Thus, one of the key conclusions of this study is the demonstration of the in-situ benefits
of UV light exposure during the FFF process of thermoplastics. While it is possible to create a
PC with a broader molecular weight distribution by creating filaments that are a blend of
molecular weights, the approach in this study offers a unique advantage by dynamically altering
the dispersity of these parameters during the deposition process. This in-situ adjustment
enhances part properties as they are being formed, ensuring that changes in Mw and MWD occur
precisely when and where they are most beneficial. In contrast, using a molecular weight blend
of PC would necessitate extensive efforts to create the filament and fine-tune the molecular
weight characteristics of the blend filament. Thus, the approach presented in this study
simplifies this process, offering a more versatile and effective means of enhancing mechanical
performance and reducing void spaces in FFF-printed structures.
Conclusion

This study examines the impact of in-situ ultraviolet (UV) illumination during the FFF
printing of polycarbonate on the molecular weight characteristics of the polymer and how
changes in the molecular weight characteristics affect polymer chain diffusion and adhesion
during the printing process, with the aim of reducing anisotropy and strengthening the
mechanical integrity of the printed parts. Analysis of the mechanical characteristics and fracture

surfaces of the printed components demonstrates that PC printed with UV light exhibits superior
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mechanical strength, especially the toughness, in both transverse and longitudinal orientations, as
well as reduced void space compared to PC printed without UV light. The enhancement in
overall part strength and reduction in voids in PC printed with UV light is attributed to improved
interlayer adhesion and entanglement across the interfilament interface. UV irradiation initiates
fragmentation of the polymer, significantly altering the molecular weight distribution and
creating many smaller chains with more chain ends. Formation of these many smaller chains
with more chain ends enhances interfilament diffusion and adhesion, thereby mitigating
interlayer voids and improving mechanical performance. Consequently, this study provides
fundamental insights into the influence of UV light on the molecular dispersity of the polymer
and the impact of these changes on the FFF process, emphasizing the importance of the enhanced
low molecular weight tail in the molecular weight distribution on the molecular diffusion during
the printing process. This insight offers a straightforward method for fabricating more robust and
isotropic structures through 3D printing of UV susceptible thermoplastics. Furthermore, the cost-
effectiveness of this approach makes it an economically viable alternative to material design

methods involving intricate synthesis procedure.
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Chapter 6: Conclusions and Future Work

3D printing technology enables the fast and cost-efficient fabrication of intricate objects
with design flexibility. However, parts produced via 3D printing often exhibit weak mechanical
and anisotropic properties compared to those created through traditional processing techniques,
such as injection molding. The poor mechanical properties of 3D-printed parts stem from weak
interfacial adhesion between layers resulting from limited chain mobility, large voids in the
printed structures due to inadequate coalescence, insufficient molecular chain entanglement at
the interfaces between adjacent layers, and residual stress due to crystallization. Another major
shortcoming in fabricating 3D-printed structures is the limited availability of materials designed
for specific environments encountered during printing. Therefore, the research presented in this
dissertation focuses on applying the fundamental principles of polymer science to rationally
design polymeric feedstocks to improve powder bed fusion (PBF) and fused filament fabrication
(FFF) 3D printing processes and the properties of the resultant printed parts.
Tailoring Coalescence Dynamics of Polypropylene Feedstocks for Powder Bed Fusion Via
Molecular Design

In this study, the coalescence dynamics of high molecular weight (HMW) polypropylene
(PP) powders (250 kDa and 340 kDa) were modified to improve their particle consolidation
during the PBF process. Low molecular weight (LMW) PP (12 kDa) were incorporated into 250
kDa and 340 kDa PP via thermally induced phase separation (TIPS) to form blended powders.
Neat 250 kDa and 340 kDa PP powders were also prepared to serve as references for comparison
with the blended powders. The rheological behavior of the prepared powders, evaluated using
rotational rheometry, revealed a significant reduction in the zero-shear viscosity of the HMW PP
powders with the inclusion of 12 kDa PP additive. In-situ hot-stage microscopy was employed to

monitor the coalescence behavior of these powders. The results demonstrated a pronounced
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increase in the coalescence rate and enhanced neck growth in the blended PP feedstocks
compared to their neat polymer counterparts. The in-situ hot-stage microscopy technique
combines microscopy with a temperature-controlled chamber, allowing for real-time monitoring
of the PP particle consolidation under thermal condition. A temperature of 164°C was chosen for
the coalescence experiments, as it is approximately at the peak melting temperature of PP. The
observed enhancement in coalescence dynamics in the blended powders significantly improves
their part robustness in the PBF process, as shown in Chapter 3 of this dissertation. The data
were fit to the Hopper coalescence model to gain insight into the molecular-level mechanisms
governing particle consolidation during coalescence and the fundamental driving forces
influencing the molecular weight (MW) dependence of the coalescence process. The result
shows that the improvement of the coalescence dynamics is governed by lowering the
extensional viscosity of the polymer melt. Moreover, the addition of LMW does not significantly
alter the surface tension of MW blend powders Additionally, the findings indicate that LMW
does not surface segregate in the blend but is homogeneously distributed in the blend, and
extensional flow dominates the coalescence process.
Future Work

The material formulations presented in this dissertation improve the coalescence dynamics of
HMW polymer powdeers with addition of the LMW polymer. However, the effect of particle-
substrate adhesion on the coalescence rate should also be explored. The coalescence experiment
presented in this dissertation tracks the consolidation among PP particles and examines the
impact of viscosity on particle coalescence. Microscopic glass slides are used as standard
substrates for performing the in-situ hot-stage microscopy coalescence experiment. While the
Hopper and Frenkel coalescence models used in this study show that viscosity and surface

tension of the polymer are critical factors influencing the coalescence process, these models were
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developed without considering adhesion forces between particles and the substrate. Nevertheless,
these forces could significantly affect coalescence dynamics. The influence of particle adhesion
on the substrate could potentially reduce the coalescence rate. Therefore, future investigations
will explore how the substrate affects particle coalescence, as stronger interactions between the
polymer and substrate may potentially delay particle-particle coalescence. A potential method for
this experiment is using treated glass surfaces to tune the wettability of the powder particle with
the glass surface. Comparing the coalescence rates of powders on silicone-coated glass surfaces
versus untreated glass surfaces will help elucidate whether the interaction between the PP
particles and the glass surface impacts coalescence dynamics.
Impact of Polymer Molecular Weight Blends on Polypropylene Printed Parts

50/50 mixtures of 12 kDa /250 kDa, 12 kDa /340 kDa, 250 kDa /340 kDa, and 33/33/33
mixture of 12 kDa /250 kDa /340 kDa PP powders were prepared via TIPS and printed via PBF
by Chris Williams Group at Virginia Tech. Neat 250 kDa and 340 kDa powders were also
prepared for comparison with the blended powder feedstocks. The mechanical properties of the
parts printed from the blended powders were compared to mechanical properties of the samples
printed from the neat 250 kDa or 340 kDa PP powders. All powders were printed at constant
processing parameters (beam velocity: 3750 mm/s; hatch spacing: 0.3 mm; bed temperature: 140
°C; laser power:50 W) to allow a direct assessment of how MW affects the quality and
mechanical strength of the printed parts. Careful examination of the printed components from
these formulated powder feedstocks reveals that the samples printed from the feedstocks with
blended MW have a pronounced reduction in void space and a slight increase in percent
crystallinity compared to samples printed from powders printed from their unimodal MW
counterparts. Additionally, dynamic mechanical analysis reveals a notable enhancement in

storage modulus for samples printed from blended MW compared to samples printed from
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unimodal MW. Surprisingly, powders formed from the neat 12 KDa PP were not printable via
PBF at the set processing parameters, suggesting that a minimum zero-shear viscosity to surface
tension ratio is required to accomplish an appropriate coalescence of a scanned layer during the
PBF process. Enhancement in the mechanical performance of the blend with LMW additives
indicates that adding LMW to larger polymers does not have a detrimental plasticizing effect on
the mechanical properties. The increased moduli observed in blends are attributed to enhanced
coalescence, driven by the decreased viscosity of the powder during the PBF process. Improved
particle coalescence decreases void space, thereby strengthening the printed structures.
Future Work

Post-processing heat treatment, such as thermal annealing, can play a vital role in further
enhancing the mechanical properties of the PP-printed parts. The thermal annealing process
involves heating the printed parts to a specific temperature, holding them at that temperature for
a set period, and cooling the samples to room temperature. Annealing above the polymer's glass
transition temperature can facilitate interlayer diffusion of the polymer molecules, leading to
increased interlayer adhesion and entanglements and, therefore, improves mechanical integrity.
Additionally, this process can rearrange polymer segments into more crystalline structures and
release residual stress by relaxing polymer chains, thus improving their mechanical strength.
However, care must be taken to retain the initial dimensions of the structure, as this heating
proess may result in loss of fidelity of the printed structure. Therefore, future work will leverage
this post-processing heat treatment to examine how it may further enhance the mechanical
properties of the PP-printed parts. The PP-printed samples will be annealed at different
temperatures between Tg and T of PP for a specific period. The annealing temperature that
provides the highest mechanical strength for the printed samples will be chosen for further study,

examining additional annealing time to understand the correlation between annealing time and
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the mechanical performance of the printed structures. By comparing the percentage crystallinity
values as determined with DSC and the irreversible thermal strain of unannealed and annealed
samples and correlating them to their mechanical behavior, the impact of this post-processing
heat treatment on the properties and structure of the printed parts will be ascertained. Future
work will also encompass more variation in the amounts of the LMW additive (12 kDa PP) in
the powder formulation.
Impact of Polycarbonate on Polypropylene Feedstocks Tailored for Powder Bed Fusion
This study investigates the influence of incorporating polycarbonate (PC) into PP powder
at varying concentrations. The TIPS method was used to create powders that are a blend of PC
with a MW of 36 kDa and PP at loadings ranging from 10 to 50 wt.% to create feedstocks that
are suitable for printing via PBF. Pure PC and PP powder feedstocks were also created from
these MW to serve as baseline references for this investigation. The resultant formulated powder
feedstocks were extensively characterized, employing various tools to determine the impact of
the added PC on the resultant powders' intrinsic and extrinsic properties. Examination of the
shape and size of the blend powder via scanning electron microscopy (SEM) and Imagel
software shows that the addition of PC does not remarkably alter the shape and size of the blend
powder particles. This suggests that the PP drives the formation of these powders in the TIPS
process. Energy dispersive X-ray spectroscopy (EDS) performed on the powders provides the
composition of each powder particle after the TIPS process. These studies indicate that each
powder particle is a blend of PP and PC. The EDS results also show that the PC content varies
among individual particles. Further analysis of the Tg shows that the Fox model deviates
significantly from the blend's experimentally determined glass transition temperature. This is
interpreted to verify that PP and PC do not form a fully miscible blend in the powder formed by

the TIPS process. DSC and small-angle X-ray scattering were used to analyze the crystallization
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and crystal structures of the PC/PP blend powder, respectively. These results show faster
crystallization and a significant decrease in lamella thickness of PP with the addition of PC.
Furthermore, as determined by DSC, the % crystallinity of PP in the blend decreases with the
addition of PC. The decrease in lamella thickness could be attributed to the presence of PC
chains reducing the opportunity for crystalline regions to form during the crystallization process
of the powder feedstocks.
Future Work

The future work will focus on droplet coalescence and the printability of the resultant PP-
PC powder feedstocks. Droplet coalescence will be examined by in-situ hot-stage microscopy,
whle the powders will be printed by our collaborators. Additionally, the mechanical performance
of the printed structures will be examined to correlate how PC incorporation impacts the
mechanical strength of PP printed components. The Tg analysis of the initial powders indicates
that the PP and PC do not form a fully miscible blend in the TIPS process, and the impact of this
initial morphology will be of particular interest in these studies. Thus, future work will also
incorporate chemical compatibilizer into the PP-PC system to examine its impact on the PP-PC
feedstock morphology.
Impact of UV Light Exposure on the FFF of Polycarbonate

PC is an engineering thermoplastic known for its high impact strength, transparency,
excellent dimensional stability, and resistance to creep. Due to these desirable properties, PC is
widely used in numerous industrial sectors. However, when PC filament is processed using FFF,
the resulting printed parts suffer from poor interlayer bonding. This leads to large voids inside
the printed parts, resulting in poor mechanical performance and anisotropic behavior. These
issues stem from the poor interlayer diffusion and the intricate thermal histories experienced

during fabrication. In this dissertation, these challenges were addressed by subjecting the PC
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filament to UV light during printing. The exposure of PC filament to UV light causes
photodegradation of PC, leading to a notable alteration in MW distribution and the formation of
numerous smaller chains with increased chain ends. Creating these numerous smaller chains with
increased chain ends facilitates interlayer diffusion and interlayer bonding, effectively
minimizing interlayer voids, enhancing mechanical strength, and reducing anisotropy.

Future Work

In Chapters 2 and 3 of this dissertation, the design of MW blend feedstocks effectively enhances
the droplet coalescence of semi-crystalline polymers during printing and strengthens the resultant
printed parts. This same protocol will be applied to design PC materials for FFF. By
incorporating LMW (MW < 36 kDa but above the entanglement MW of PC) PC into HMW
(MW = 36 kDa) PC, bimodal MW PC feedstocks will be created for FFF. The LMW additives
will be incorporated via TIPS using an appropriate solvent in the TIPS process to form bimodal
MW PC powder materials. These powders will be dried to a constant mass and then extruded
into the FFF filament using an extruder. Direct co-extrusion of HMW and LMW components
using an extruder can present several challenges, including viscosity mismatch and the
incomplete incorporation of the additives into the final filament formulation. In co-extruding
HMW and LMW directly from the extruder, the HMW component is more viscous than the
LMW component, which can hinder uniform flow and proper mixing of the two components
during extrusion. This can lead to issues with filament uniformity and overall product
consistency. In addition, some PC pellets may remain in the extruder, affecting the amount of the
additives that go into the final FFF filament. Thus, using TIPS in this experiment will allow for
better mixing at a molecular level, leading to a more homogeneous blend of HMW and LMW PC
components and a more accurate incorporation of the additives in the final FFF filament

formulation. Additional future work on the impact of UV light exposure on the FFF will be
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investigation of the impact of varying UV light intensity and UV light exposure time on the FFF

process of PC.
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