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Abstract

This dissertation presents experimental work that provide a foundation to rationally
improve fused filament fabrication (FFF) and immiscible blend compatibilization. Objects
generated from additive manufacturing processes, such as FFF, have intrinsic structural
weaknesses which include two project specific examples: structural anisotropy and irreversible
thermal strain. Due to low adhesion between individual print layers that results in macroscopic
defects, the mechanical strength of printed objects when force is applied perpendicular to the build
orientation is drastically reduced. In the first dissertation chapter, we present a protocol to produce
interlayer covalent bonds by depositing multi-amine additives between individual layers of a print
to strengthen interlayer adhesion during the FFF printing process. Upon deposition, the amines
then react with the deposited filament via functional groups produced by oxygenation to form the
covalent crosslinks. Results demonstrate that the majority of amine crosslink reactions occur
shortly after filament deposition from the residual thermal energy of extrusion, and that the amine
reactivity is not the prevailing factor in determining the direct changes to print strength and
interlayer fracture energy. The focus of our next project is to evaluate the effects of nanoscale
additives on irreversible thermal strain (&) build-up within 3D printed poly (lactic acid) (PLA)
monoliths by measuring the change in this irreversible thermal strain with annealing. Once the
contributions of internal void spaces were removed, the results of the modified strain value, &*,
indicates that incorporation of low molecular weight 3-arm star PLA chains into the print filament
increases print ¢ while pure PLA or graphene modified filaments have similar &. By correlating the
strain measurements with results of a filament calorimetry experiment, it was shown that print

irreversible thermal strain is influenced directly by how an additive changes the viscosity and



molecular dynamics of the deposited polymer chains. In the third project, we examine the use of
telechelic oligomers to optimize the physical properties of crystalline polymer blends via reactive
compatibilization. The results demonstrate that the blend properties are influenced by three
molecular level processes that are governed by the loading of oligomers used for compatibilization.
Ultimately, the detrimental effects of plasticization from excess oligomer in the blend can be
avoided and optimized alongside the synergistic relationship of blend crystallinity and reactive

compatibilization by using a targeted concentration of telechelic additive.
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Chapter 1: Introduction



An Introduction to Fused Filament Fabrication (FFF)

Additive manufacturing (AM) is a relatively new object creation process that generates
complex 3D objects in a rapid and accurate manner and has received large interest for development
from the materials science community.* Various technologies used in AM have come to include
Selective Laser Sintering (SLS), Stereolithography (SLA), and Fused Filament Fabrication (FFF)
processes. Although each of the AM processes accomplish object generation through very different
methods, each process is akin to two-dimensional printing but applied in 3D space. This distinct
similarity between each technology places them beneath the umbrella term for AM production, 3D
printing.2 Prized for its ease of use and open-source foundation, FFF is an AM technology that has
seen considerable interest from the hobbyist, commercial, and academic communities. Since the
start of the 21% Century, research publications concerning FFF subjects have grown steadily from
tens of papers a year to hundreds that cover everything from aerospace and automotive engineering
to biomedical and medical research.® 4 As a result, a significant number of FFF publications
concern the mechanical robustness of printed objects to increase the efficiency and accuracy of the
technology at large scales. One prominent example of the steps being taken to move 3D printing
into large-scale production devices is the Big Area Additive Manufacturing (BAAM) device used

by the Manufacturing Demonstration Facility (MDF) of Oak Ridge National Laboratories.> ®

FFF prints are first designed with the use of computer-aided design (CAD) software in 3D
digital space. 3D model files are then converted to a set of two-dimensional layer “slices” with the
use of various open-source slicing programs. The 2D file format is then interpreted by the printer’s
operating system to render the “slices” together into the original object using print parameters such

as bed temperature, extrusion speed, and raster angle. Heated to the appropriate extrusion



temperature, filaments of thermoplastic polymer with fixed diameters are then pushed via
electronic motors through a metallic nozzle where the material is rapidly converted to a semi-
molten state and extruded. The filament material is then deposited with a nozzle determined
diameter as individual “fibers” or “beads” in the X and Y-axis onto a heated bed system in two-
dimensional layers that are covered in the Z-axis by subsequent layers until the 3D object is
complete. An illustrative diagram depicting the general FFF extrusion and print building process

as depicted in Figure 1.1.

Typical filament materials used in FFF consist of thermoplastic resins that are easily
processed at moderate temperatures. Polymers such as Polylactic Acid (PLA) or Acrylonitrile-
Butadiene-Styrene (ABS) are the most commonly used due to their high processability from a
combination of desired flow properties and low melting or pseudo-melting temperatures. PLA, a
biodegradable polymer with high economic demand, is a semi-crystalline polyester. The monomer
is derived from starch fermentation of various crops such as sugar beets or corn and then
polymerized via ring-opening polymerization of the cyclic dimer, lactide.” 8 ABS, an amorphous
terpolymer, is made with a wide variety of compositions that lead to deviations in the observed
material strength and thermal properties. Each polymer species contributes to the overall material
characteristics, where styrene generates hardness and rigidity, polybutadiene provides ductility and
improved toughness due to its rubber-like behavior, and acrylonitrile increases the overall

chemical, fatigue, and heat resistances.®
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Fig. 1.1. Diagram of the components of a fused filament fabrication extruder tool and the layer-

by-layer deposition of filament beads in a printed object.



Common Weaknesses of Fused Filament Fabrication

3D Printing and Mechanical Anisotropy

As discussed above, 3D printed objects are generated when an FFF device deposits
individual “fibers” or “beads” of semi-molten polymer material adjacent to one another in two-
dimensional layers. The layers are extruded consecutively upon each other in the Z-axis until the
desired object is formed. When the semi-molten filament is extruded, the material is cooled below
the glass transition by conduction with the surrounding air and bead neighbors. This return to the
glassy state then prevents filament material from diffusing entirely into the surrounding polymer
and generates interfilament void spaces based on the rate of cooling. From this layer-by-layer build
process, structural anisotropy emerges and generates inconsistencies in the print’s mechanical
properties that limit the potential applications of 3D printed objects.''? As opposed to an isotropic
material where mechanical properties are independent of force direction, the two dimensional
deposition of the filament material leads to different strength and modulus values depending on
the orientation of an applied force. When a uniaxial force is applied parallel to the filament bead
orientation, the polymer material of each layer is stressed isotropically along the same force vector,
leading to the highest tensile properties for the printed object. If the same force is applied
perpendicular to the two-dimensional orientation of the print layers, the interlayer interface is only
maintained by the quality of interfilament bonding. This bond quality is directly related to the
formation of interbead and interlayer welds and by extension the degree of polymer interfilament
diffusion that occurs as the material is above the glass transition.*>®> The stages of bead welding
and interfilament diffusion between individual filament beads is depicted in Figure 1.2. The degree
of welding and interfilament diffusion is influenced by several criteria, such as the polymer’s

thermal properties, print build parameters, and the complex thermal history of the filament.



Fig. 1.2 Interfilament bead adhesion process within an FFF print @) initial bead contact following
extrusion b) initiation of bead to bead polymer diffusion c¢) entanglement and further diffusion of

chains.



Therefore, a large portion of modern FFF research is dedicated to manipulating the
thermodynamic, molecular, and physical factors inherent to polymer filament and the print process

to limit anisotropy.*®: 7

Various chemical and engineering methods have been used to remove the weaknesses of
anisotropy. One direct method is thermal annealing of completed prints. When filament material
is heated above the glass transition, interfilament diffusion between the print beads is enhanced
and leads to increased entanglements at the interface that generate more isotropic material
characteristics. Annealing at elevated temperatures also lead to ordered structural changes in semi-
crystalline polymer filaments. For instance, Wach et. Al. annealed PLA samples at various
temperatures above the Tq and determined that higher temperatures led to faster interfilament
crystal formation and higher tensile properties.'® Although thermal annealing is a direct and simple
method to mechanical improvements, the elevated thermal exposure typically leads to undesirable
print warpage through the release of irreversible thermal strain. Another method of print
mechanical improvement is the use of nanoscale additives that induce thermal, chemical or
polymer dynamic changes in the filament material. A family of materials that has gained traction
in research to improve print tensile properties is the various structures of carbon nanoparticles such
as graphene, carbon nanotubes, and microdiamond aggregates. Typical benefits to 3D printer
material include an enhanced elastic modulus and increased thermal stability alongside a reduction
in both creep and the linear thermal expansion coefficient.?®?* The use of nanoparticle additives,
while beneficial in set weight percent concentrations, can also be detrimental to the print material.
Overloading of the polymer material with nanoparticle additives is likely to induce higher material
rigidity, which can be an undesirable trait when the printed part is used in certain applications,

such as the biomedical field.



Although moderate removal of anisotropy has been observed with print parameter
manipulation and the addition of thermomechanical modifying nanoparticles, the scope of FFF
research has yet to fully utilize the numerous chemical possibilities of the assorted filament
materials. In addition to the abundant number of functional groups in the backbone of certain
filament chains, FFF filaments can be chemically modified either prior to or during the printing
process to enhance the interfilament diffusion or generate new forms of interfilament bead
connectivity. Once filament bead bonding is improved, a reduction in anisotropy is the likely
outcome. For instance, Shaffer et. al. utilized two separate reactive pathways to achieve covalent
crosslink formation between individual filament beads to enhance the overall interfilament bond
strength.?? By placing radiation sensitive crosslinker additives into filaments of PLA and acrylate
thermoplastics, it was shown that the mechanical performance of printed samples was drastically
improved following direct exposure to gamma radiation that induced covalent crosslink formation
between the print layers. In a more recent example, Li et. al. developed an interesting method of
interlayer adhesion improvement for high performance polyether ether ketone (PEEK) filament.?
This was accomplished by introduction of a complex silsequioxane species that reacts via pyrolysis
during the high temperature deposition process which then plasticized the interfilament interface.
The benzene-derivative byproducts of the pyrolysis reaction then induced more complete
interfilament diffusion that drastically improves the mechanical performance of PEEK prints.
Ultimately, the branch of interfilament chemical reactions and their dynamics within the FFF
process is still a relatively new concept and has yet to fully incorporate the complex thermal and
shear history of a 3D printer. More specifically, the potential for certain reactions is heavily
dependent upon the available thermal energy to induce crosslinking or other reactions, which is

dependent upon the complex thermal history of a print and various print parameters such as



extrusion temperature and nozzle speed. In addition, these studies have yet to model how a

reaction’s kinetic rates may change under this fluctuating thermal environment.
Irreversible Thermal Strain within FFF Prints

Another common issue within FFF is the generation and accumulation of irreversible
thermal strain (&) within the layers of a print. Irreversible thermal strain is created within a printed
structure due to the complex thermal history of the filament material as it is deposited, cooled, and
re-heated by subsequently deposited filament beads. At the extrusion temperature, interfilament
chains in the molten, rubbery state are stretched via shear forces of the hot nozzle to establish a
layer’s individual beads. When the filament is stretched by these forces, unfavorable deformations
in the polymer matrix are then locked into place when the filament is cooled to the glassy state.
The magnitude and generation of these unfavorable conformations is not a consistent process, and
various portions of a print geometry will have inconsistent buildup of stresses due to the uneven
distribution of thermal energy throughout the print. As a result, because the initial generation of
the irreversible thermal strain itself is inconsistent, filament beads with trapped chain
conformations will release the stored stress on an inconsistent basis. When the irreversible thermal
strain is released, this process is observed macroscopically as a variety of different phenomenon,
including object dimensional warpage and cracks between individual layers. The presence of these
cracks or object warpage then ultimately prevents 3D printed objects from being utilized in specific

part applications where uniform object dimensions or strong structural integrity is required.

Much like anisotropy, the various parameters used to generate printed objects have been
modified to decrease the overall amount of irreversible thermal strain. Changes in raster angle, the
rate of filament extrusion, nozzle temperature, and layer thickness have all been studied, with some

moderate success in decreasing the strain buildup.?4?® Although these studies have lessened the

9



effects of irreversible thermal strain, the overall deformation and transformation of printed objects
still remains a large hurdle to 3D printing viability. As a change in focus for this specific issue, our
research group and others have moved away from influencing the print parameters. Experimental
emphasis is now to pinpoint the changing internal polymer dynamics and interactions at the
molecular level when filament material is deposited and cooled. Recently, this research has
focused on the use of nanoscale additives, which are introduced to FFF filament via melt blending,
solution encapsulation, or other various methods. One of the more promising additives with
conclusive results thus far is graphene, which has been shown to increase interfilament diffusion

by enhancing a filament’s thermal conductivity.?’

Immiscible Polymer Blends and Compatibilization

The blending of two or more polymer materials that are physically or chemically dissimilar
is an important material production method that has been used to make new materials that combine
the physical properties of each component, resulting in a single product that exhibits tailor-made
properties. However, without the use of a chemical compatibilizer, most polymer blends will
separate from the incompatible thermodynamic nature of the components into distinct phases that
are separated by a weak polymer-polymer interface, known as the biphasic interface. To prevent
further dispersion and enhance the interface between the blend components, compatibilizers act as
a buffer region that blocks further aggregations of the lower concentration polymer, or minor
phase, from occurring. Due to the chemical nature of a compatibilizer, the material will selectively
segregate to the interface between the thermodynamically incompatible polymer phases.? 2 One
of the most important aspects of compatibilization is the time needed for the compatibilizer to
diffuse to the biphasic interface from the bulk, which is heavily influenced by the molecular

properties of the material. Interfacial compatibilizers that can reach the biphasic interface at a faster

10



rate than other substances have higher probabilities to ensure that the blend becomes
compatibilized before complete phase segregation is achieved. Since copolymer compatibilizers
are perhaps the most important form of compatibilizers used in polymer blending, it is vital to
understand the thermodynamics of polymer diffusion in a blend, as it relates to both the copolymer

additive and the homopolymers being compatibilized.

Thermodynamic Model of Polymer Blends

The mixing of chemicals together in a blend is understood thermodynamically by utilizing
the standard Gibb’s free energy equation for mixing (Equation 1.1), where the free energy of
mixing for two polymer species together is represented by AGm. The Gibbs free energy value is
composed of both the enthalpy and entropy of the system, which change as a direct result of the
mixing process. The entropy term, ASw, accounts for all possible arrangements of the two polymers
in the blend at a given temperature, while the repulsive and attractive molecular interactions are
modeled by the AHm value. A homogeneous mixture is then generated when the combination of
these two terms results in a negative net AGm value. Conversely, when the two components are
too molecularly dissimilar, a sufficient increase in the enthalpic term or a general decrease in the
entropic term generates a positive Gibbs free energy, leading to a thermodynamically driven

separation of the polymer phases.
AG,, = AH,, — TAS,, Equation 1.1

For both ideal solutions and polymer mixtures, the Gibbs free energy equation contains all
the appropriate terms and is the most accurate model to use for complex polymer blend systems.
However, the unique difference between ideal solution samples and polymer chains is the process

by which the entropy and enthalpy terms are accounted for. Since the standard Gibbs equation is

11



used to model an exponential number of configurations of individual molecules in an ideal solution
model, the standard enthalpy and entropy values cannot account for the large molecular weights
of individual polymer chains where the covalently linked monomer units are bound and cannot
rearrange into nearly as many conformations. This limited mobility then results in a smaller
entropic term that contributes to the general immiscibility of most polymer blend combinations.
To account for these limited configurations, analytical equations for both the AH and AS terms
were developed from studies on polymer solution dynamics from a lattice approach developed

independently by both Flory and Huggins in the 1940°s.%% 3! This modified equation, observed as

Equation 1.2, accounts for both the number of either polymer or solvent molecules (N;) and the

volume fraction of each component ().

AGm == RT[TlllTl(;bl + nzln¢2 + nld)lez] EquatIOI‘l 12

From the standard Gibb’s free energy equation, the entropy of mixing term is replaced by the
addition of the first two terms in the equation brackets. Similarly, the enthalpy of mixing value is
supplanted by the third term, where the interpolymer interactions based on solubility and other

energy parameters are represented by yi2.

Flory-Huggins theory can be used to predict the range of blend compositions where the
two components will phase separate as the volume fraction values of @1 and ¢2 are changed. By
utilizing the thermodynamic requirement that individual phases maintain equivalent chemical
potentials, the theory leads to derivations in plots of the Gibbs free energy vs the blend composition
that denote where the blend is in a two phase or single-phase arrangement. Composition boundaries
that separate the single and two phase regions are represented as a curve in these plots and known

as the binodal. Subsequently, the rapid transition of a miscible blend through a thermodynamically
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unstable, or metastable, phase, where phase separation is constricted via Kinetic processes, is
plotted on phase diagrams as the spinodal. The point of contact between the spinodal and binodal
curves is designated as the critical point, where the temperature associated with this composition
is known as the critical solution temperature or CST. Depending upon whether blend miscibility
is above or below the CST value determines whether the blend has an Upper or Lower Critical
Solution Temperature, UCST and LCST respectively, where the components of a polymer mixture
are thermodynamically driven towards the formation of a single phase, homogeneous material.
Although the Flory-Huggins theory is accurate enough to designate the existence of the spinodal,
binodal, and critical point for UCST determination, the theory does not consider the effects of free
volume. Comprehensive analysis of a blend’s thermodynamics that extend the Flory-Huggins
theory to include parameters of density and compressibility at various compositions and
temperatures can circumvent these limitations to produce accurate models of phase diagrams for
polymer blends with either the UCST or LCST determined.® An example of these comprehensive

diagrams is seen below as Figure 1.2.
Compatibilization via Copolymers

In the generation of polymer blends, the original chemical and thermomechanical natures
of each component that make their properties a desirable attribute to have within a blend are often
the same properties that prevent the blend from becoming thermodynamically compatible. When
incompatibility becomes an issue, the primary solution to utilize in blend formation is the use of

chemical compatibilizers that simultaneously increase phase dispersion by modifying the blend
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Fig. 1.3. Phase diagram of a two polymer blend system as depicted by the temperature of the

mixture and the volume fraction of the polymer components.
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and strengthening the biphasic interface to minimize the phase separation. For this purpose,
compatibilizer molecules must have the proper enthalpic affinity with both molecular species to
sufficiently diffuse throughout the blend and establish entanglements between the segregated
phases and stabilize or strengthen the interface between them. For polymer blends, these
requirements are translated into the pre-requisite of chain entanglement between the compatibilizer
and the individual polymer phases.>**¢ Since entanglements are most likely to occur between
polymer chains of sufficient length, and because each polymer in the blend has drastically different
thermodynamic and chemical natures, the most common form of compatibilizer used in polymer

blending are various forms of copolymer.

Copolymer compatibilizers act much like surfactants, where the interface between the
individual phases is modified to increase its surface area whereby the coalescence of minor phase
domains is stopped, and the phases maintain a high dispersion. In addition, as copolymer migrates
into the interfacial space between the polymer phases, the compatibilizer acts as a boundary to
prevent direct contact between said phases and minimize thermodynamically unfavored
interactions.>”*° Numerous experiments have determined that the addition of simple di-block
copolymers, for instance, enhances the thermomechanical properties of phase separated polymer
blends.**-42 When the di-block copolymer merges with the biphasic interface, the two copolymer
segments with set monomer species sufficiently entangle with chains of their corresponding
homopolymer phase to generate a much stronger interface and create a blend material with better
properties than without the compatibilizer. Though di-block species are the most simplistic of these
compatibilizers, other sequence distributions have been experimentally used to enhance blend
characteristics.*® An illustration depicting some of the different potential copolymer compatibilizer

sequence distributions can be seen below as Figure 1.4. By modifying the number of monomer
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blocks present within the copolymer, the diffusion and entanglement dynamics between the
compatibilizer and the individual homopolymers can be drastically changed. As an attempt to
measure the relative blend compatibilization effectiveness based on the copolymer’s architecture,
Dadmun conducted a series of Monte Carlo simulations and experiments.3* 444 Cumulatively, the
results indicate that the most effective copolymer sequence distribution for blend compatibilization
are multi-block copolymers with blocks long enough to generate multiple entanglements with each

homopolymer phase.
Reactive Telechelic Oligomers and In Situ Copolymer Compatibilizers

In the generation of polymer blends from melt extrusion, there is a branch of processing
that incorporates reactive materials or components into the blend to change the end properties of
the product. This method refers to reactive processing and is grouped into several categories
depending upon the desired reaction outcomes that occur in situ. These reactions can range from
the formation of copolymers with various architectures, the controlled degradation of one or more
chemical components in a blend, or even the coupling of reactive functionalities together to form
new chemical species. The reactions of interest in this dissertation involve the formation of
copolymers from coupling reactions between functional groups located at the end of individual
oligomer species dispersed within an incompatible polymer blend. Under the elevated
temperatures of the melt extruder, the sufficient dispersion of thermal energy induces covalent
bond formations between these “telechelic” species. This reactive process then produces in situ
copolymers that then preferentially assemble at the biphasic interface in a similar manner to
copolymers added via standard compatibilization practices. An example reaction of telechelics

with carboxylic acid and epoxy groups arranging at the biphasic interface to form a copolymer via
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Fig. 1.5. Formation of a blend compatibilizing di-block copolymer from the reaction of carboxylic

acid and epoxy telechelic oligomers.
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an ester linkage is seen in Figure 1.5. The Kinetics associated with this copolymer formation
reaction have been analyzed in the literature, primarily by Schulze et al.*® Blend molecular
parameters that have been shown to influence the oligomer reaction kinetics include the complex
entanglement behavior between oligomers and the individual homopolymer phases, the relative
reactivity of the functional groups, and the existence of a critical coverage of the biphasic interface

with increasing oligomer concentration.

Dissertation Outline and Objective

This research dissertation presents numerous findings concerning the molecular and
chemical interactions between polymers and nanoscale additives within additive manufacturing
and polymer blend compatibilization. Chapter two demonstrates the impact of multi-functional
crosslinking agents on the interlayer adhesion and mechanical strength of FFF printed objects, and
how the agent’s reactivity, molecular structure, and concentration, along with the variable and
complex thermal environment within a printer, contribute to these observed improvements in
object isotropy. The third chapter correlates the magnitude of irreversible thermal strain (&) present
within a printed PLA object to a physically measured deformation as the result of extensive thermal
annealing above the glass transition. Furthermore, correlation of the filament’s thermal behavior
to the measured strain with deformation reveals that the molecular properties of different nanoscale
additives to the filament directly influences the filament’s irreversible thermal strain from changes
to polymer viscosity and overall intrabead chain assembly. Lastly, in chapter four, the reactive
compatibilization of a crystalline polymer blend was analyzed with the use of reactive telechelic
oligomers. The results demonstrate a complex relationship and interplay between blend
crystallization, blend plasticization, and reactive compatibilization as they influenced by increased

loading of telechelic oligomer within the material.
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Disclosure Statement: The following chapter, “Interlayer FFF Crosslinking Additives and Rate
Analysis of Post-Deposition Reactions” is a direct write up of “Incorporating crosslinks in fused
filament fabrication: Molecular insight into post deposition reactions” by the author and Dr. Mark

Dadmun, first published by Elsevier in the journal Additive Manufacturing in December of 2020.

This article can be found by the following hyperlink: https://doi.org/10.1016/j.addma.2020.101746
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Abstract

3D printed objects suffer from intrinsic mechanical weakness due to low interlayer
adhesion and defects that result in anisotropy in their mechanical properties. In this report, we
examine the ability of a protocol to incorporate covalent bonds between layers to strengthen
interlayer adhesion by depositing multi-amines between layers during the fused filament
fabrication printing process. The multi-amines may then react with oxygenated functional groups
on the deposited filament to form covalent crosslinks between layers. Determination of the
interfacial fracture energy and infrared (IR) spectroscopy studies indicate the successful formation
of covalent bonds and strengthening of the interlayer interface with a variety of multi-amines.
More importantly, IR results also elucidate the relative rate of reaction of the amines with
oxygenated functional groups found on the oxidized filament. These results show that the
crosslinking reactions primarily occur shortly after deposition of the filament, i.e. at elevated
temperatures. The data also show that the reactivity of the amines is not the prevailing factor in
determining interfacial strength, as the aromaticity of the crosslinker plays a key role in creating a
stronger interface. These results therefore provide important foundational understanding that can

be used to apply this protocol to a variety of extrusion based additive processes and materials.
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Introduction

Fused filament fabrication, or FFF, is an additive manufacturing method used in rapid
object design and prototyping for thermoplastic materials. Since its conception in the 1980’s, the
format has expanded to numerous areas including the construction and automotive industries. The
ability to generate larger complex objects with minimal waste has driven interest in developing
FFF into a reliable and robust manufacturing method. Large-scale printers have been produced
and continue to evolve with the goal of advancing the technology to compete with traditional
industrial fabrication methods. Structural weakness and anisotropy that emerge from weak layer
interfaces and structural defects remain limiting factors in the advancement of polymeric extrusion
based additive technologies beyond the maker level. For instance, a car body produced by the Big
Area Additive Manufacturing 3D printer exhibited poor interfacial adhesion during the print
process. Talagani et al. developed an efficient method to determine problem areas in the print

build where interlayer delamination is probable.*’

The FFF print process begins with a CAD model of the desired structure, which is
interpreted by the printer’s onboard software to move a hot nozzle in the x and y directions above
a heated bed surface.*® Polymer filament is then extruded onto the heated bed to generate each
layer with the nozzle moving upwards after layer completion at a pre-determined height value in
the z-dimension and directed to deposit the next layer.*® This process is repeated continuously for
each layer until the object is fabricated. Inferior mechanical integrity of prints is linked to this
layered build process, with mechanical strength dependent on direction of the applied force relative
to build orientation (Figure 2.1a).5° This weakening causes structural anisotropy, which is

associated with minimal diffusion of thermoplastic between individual layers.>*>* Moreover, the
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bottom portion of prints are subjected to continuous heating from the heated bed with a thermal
gradient emerging as the print increases in height along the z-axis. This gradient of thermal energy
causes deposited material near the middle and end of prints to cool more rapidly from convection
and prevents polymer chains from diffusing across the interlayer boundary to enhance isotropy.
Therefore, each layer receives a varying amount of heat from the hot nozzle head as it is built.
Cumulatively observed, the print object is subject to a complex thermal history that fluctuates at
each layer with respect to the nozzle head, distance from the bed, and the temperature of the print

environment (Figure 2.1b).

Previous experiments have focused on modifying physical print parameters to reduce
anisotropic weaknesses. Raster mechanics and the resulting tensile property changes with raster
width, angle, pattern, and spacing have been analyzed extensively.>> °6 Other factors, such as layer
height and the extrusion, bed, or air temperature have also been found to influence mechanical
anisotropy.*® Any decrease in anisotropy attained in these studies is due to variation in the amount
of interfilament diffusion and the size of void spaces between filaments during the build process,
but these factors fail to significantly limit anisotropy. Recent research has therefore shifted from
altering these physical print parameters in favor of modifying the polymeric filament itself.
Alterations of the printed thermoplastic include the inclusion of additives, such as graphene,

microdiamond aggregates, or other reactive components to the filament.20 275357
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Fig. 2.1 a. Illustration of an FFF object’s build orientation and physical response to an increasing

uniaxial force. b. Thermal history of an individual layer in a sample cube as recorded via thermal

camera.
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ABS, or Acrylonitrile-Butadiene-Styrene, is a terpolymer and common material used in
FFF for prototyping. The composition of the ABS can vary significantly among providers;
however, two-thirds of the material usually consists of a styrene-co-acrylonitrile (SAN) copolymer
matrix interspersed with polybutadiene (PB) domains. It is well established that, when heated at
or above 100 °C in air, ABS oxidizes to form functional groups such as carbonyls, hydroxyls, and
epoxides through reaction of butadiene double bonds with atmospheric oxygen.>®®° In the process
of filament creation and extrusion, ABS is consistently subjected to temperatures well above 100
°C, providing pathways to produce these oxidative groups at the surface of a printed object. These
functional groups can then react with properly designed co-reactive molecules in deposition
processes that are consistent with 3D printing. Moreover, the reaction of multi-functional
molecules between filaments may form interlayer covalent bonds, providing a significant increase

in interlayer adhesion of the printed object.

Amines are interesting candidates as such crosslinkers, as they readily react with ketones
or aldehydes to produce imines.®* Amines also react with epoxy resin oligomers to produce
extensive crosslinks. Thus, in the current study, the formation of interlayer covalent bonds between
oxygen containing functional groups on ABS filament that are formed during printing and multi-
amines is examined as a rational method to strengthen inter-layer interfaces formed during FFF.
The impact of amine structure, loading, and surface temperature on the success of the inter-
filament crosslinking reaction are studied from both a mechanical and reactive rate perspective.
These results presented below therefore provide insight that can be used to formulate and optimize
crosslinking reactions between filaments and open new routes to fabricate more robust and

isotropic materials by extrusion-based 3D printing in a scalable fashion.
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Experimental

Materials

2.85 mm diameter ABS filament was purchased from Gizmo Dorks. Unmodified
polybutadiene (5000 g/mol molecular weight), 4,4’-diaminodiphenyl methane (DADPM), 4,4’-
diaminodicyclohexylmethane (DADCM), and pentaethylene hexamine (PEH) were purchased
from Sigma-Aldrich and used without further purification. KBr windows were purchased from
Pike Technologies. Solutions applied to the 3D printed structures during the printing process were
generated by dissolving weight percentages of 5, 10, and 20 % crosslinker into 10 mL of acetone

at room temperature. The molecular structure of each crosslinker is shown in Figure 2.2.
Interfacial Adhesion Determination

Interfacial adhesion experiments in this study monitored specific factors that influence the
interlayer strength of the samples. Samples prepared using crosslinker solutions with
concentrations from 0 to 20 wt% were first examined to illustrate how the interface is strengthened
by increasing reactive crosslinker concentration. A second set of samples were examined to
elucidate the impact of decreasing available thermal energy for the crosslinking reactions by
increasing stop times between layer deposition. Samples tested under these criteria consisted of
both unmodified and 5 wt% crosslinker. Lastly, to demonstrate the crosslinker’s overall
effectiveness on an entire printed structure, the tensile properties of samples printed with
crosslinker deposited on every layer were monitored. In these studies, the tensile properties of the
printed structure was determined both parallel and perpendicular to the print direction to document

the impact of the incorporation of crosslinks on structural anisotropy of the printed parts.
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Specimens were created from hollow cubes printed with a Lulzbot Taz 5 printer and ABS
filament with diameter of approx. 2.85 mm and a nozzle head of 0.5 mm. Cubes consisted of 176
layers printed at 60 mm/s with a 0.3 mm layer height for a total object height of approx. 53 mm
(Figure 2.3a). Print parameters for each cube included 210 °C extrusion temperature and a bed
temperature of 110 °C to maintain similar thermal and build history for all samples. Crosslinker
solutions were applied to the middle sixteen layers of each cube in a single counter-clockwise
motion by soaking cotton swabs in the solution and ‘painting’ the solution onto the filament. By
utilizing this swabbing technique, a thin film of crosslinker solution is delivered to the inter-
filament interface. Reproducibility of interfacial adhesion values are consistent indicating a
reasonably regular dosage of the crosslinker on each layer. Completed cubes were then cut at each
face corner with a Dremel® rotary saw to yield individual plaques. The cube faces were then cut
with a laser cutting system to create samples for Instron testing (Figure 2.3b). Shape and
dimensions of the dual-cantilever beam samples were derived from previous literature used to test
the interlayer strength of FFF objects by isolating the force of separation into a preset “crack” of
approximately 3 layers wide that would separate specifically at the modified interface.®> 8 To
establish a statistically relevant adhesion strength for each crosslinker, a minimum of two cubes
per solution were generated, which creates eight fracture energy samples. Specimens that
examined the influence of print pause time on interlayer adhesion were created by first pausing the
print at a layer, applying solution with the same method as other prints, waiting for a set amount
of time, and then allowing the print to continue with the next layer. This process was applied to
the central three layers in the middle sixteen that received crosslinker solution to allow the pause

time to only affect the test interface.
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The interfacial strength of each sample was determined with an Instron Model 5567
universal tensile testing device set with a 30 kN load cell. Samples were pulled apart at a rate of
2.1E-3 mm/s until failure at the test interface. Testing rates were kept at a low speed to accurately
measure the fracture energy at the crosslinker modified interface and to prevent the unmodified
layers of the samples from separating due to rapid onset of mechanical forces. Results generated
by this experiment include sample displacement at break and the load at sample failure. This data
were then used to calculate the interfacial fracture energy, as discussed in the results section of this
study. Specimens that examined the influence of print pause time and the subsequent decrease in
layer temperature on interlayer adhesion were created by first pausing the print at a layer, applying
solution with the same method as other prints, waiting for a set amount of time, and then allowing
the print to continue with the next layer. This process was applied to the central three layers in the
middle sixteen that received crosslinker solution to allow the pause time to only affect the test
interface. Pause times consisted of 0, 10, and 20 minutes between individual layer deposition. In
additional studies of the mechanical properties experiment, a single cube was printed with an
application of 10 wt% DADPM solution to every layer and subsequently laser cut into ASTM
D638-V standard tensile dogbones with a set oriented parallel to the layer build and another
transverse to the layer build. Young’s modulus of the samples was then determined for the samples

made from neat ABS and with added crosslinker by tensile tests completed at a rate of 1 mm/min.

Infrared Spectroscopy of butadiene oxidation

Polybutadiene was oxidized at 200 °C in open air for ten minutes in 2.5 g batches in a glass
petri dish via hot plate. Solutions of oxidized polybutadiene with 10 and 30 weight percent

crosslinker were formed in dichloromethane. These mixtures were then drop cast via syringe onto
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Fig. 2.2. Chemical structures of the crosslinkers used in this study a. 4,4-diaminodipheny methane,

b. 4,4’-diaminodicylohexylmethane, and c. pentaethylene hexamine.
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a) b)
Fig. 2.3. a. lllustration of printed sample cube and b. Dual Cantilever beam sample machined from

cube.
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KBr windows, air dried at room temperature for 30 minutes, and annealed in a vacuum oven at 90
or 110 °C to mimic the thermal environment of a printed layer. Samples were then periodically
removed at set time periods and IR spectra were obtained with a Thermo Scientific Nicolet iS50

FT-IR device at 64 scans with 0.4 cm™ resolution.

Results and Discussion

Mechanical Testing and Quantifying Crosslink-Induced Isotropy

The impact of crosslinker addition on interlayer adhesion was determined by measuring
the fracture energy of the inter-filament layers using a dual cantilever beam protocol as reported
in the literature. Cube samples were printed and cut to fit a custom test geometry (Figure 2.4a).
These samples were then loaded on an Instron machine where the force (kN) and displacement
(mm) of the specimen monitored. The interfacial fracture energy, G, is then determined from
Equation 2.1, where P is the load at sample failure, & is the sample displacement at break, b is the

sample thickness (4.5 mm), and Ao is the initial crack length (15 mm). (Figure 2.4c).

3P§
2bA,

G (fracture energy) = Equation 2.1

Initial fracture energy measurements were completed with neat ABS samples to establish the
baseline inter-filament adhesion present in the printed structure. Neat ABS samples failed along
the interface with an average fracture energy of ~1.1 kJ/m?. This value is consistent with results
observed for neat ABS tested that is printed by FFF under similar conditions.®* Crosslinker
solutions of varying weight percent were then applied to the interfilament interface to document
the ability of any crosslinking reaction to strengthen the inter-layer interface. The strength of the
interface was monitored for the addition of 5, 10 and 20 weight percent solutions of crosslinker.
The average fracture energy of printed specimens increases with the addition of the crosslinker,

and increases with the crosslinker concentration, as shown in Figure 2.5a.

32



2) e

0.16

0.14

BWN =

o
-

Force [kN]
o
o
<)

o

o

o)
S

[ L
0.04 /
%
0.02 Lf;//// .

0-12 @ /,/ T
| V1
| /7 _l

0 0.2 0.4 0.6 0.8 1
Displacement [mm]
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The results in Figure 2.5a show that DADPM strengthens the interface most effectively,
with marginal improvement from PEH until higher concentrations while DADCM strengthens the
interface at lower loadings but is less effective at 20%. This is further evidenced by Figure 2.6
where the DADPM crosslinking improves the mechanical properties of the sample in both the
longitudinal and transverse orientations, increasing the Young’s modulus by approximately 7 and
5% respectively. Given that the PEH has five amines available for reaction with oxygenated
functionalities, while DADCM and DADPM have two, it is clear that the number of reactive
functionalities in the crosslinker molecule is not the most dominant factor impacting the success
of crosslinking reactions. The fact that PEH is a less effective crosslinker is surprising as amine
chemistry would suggest that PEH may react most readily with oxygenated functional groups due
to its sterically unhindered structure, abundance of primary and secondary amines, and higher
general nucleophilicity/basicity.®® ¢ The nucleophilicity of the PEH amines is also enhanced by
the alkylic structure of the molecule, as opposed to the aryl nature of DADPM that limits its

nucleophilicity by the electron-distributing mesomeric effect.

Adhesion Measurements with Varying Print Pause Time

As fused filament fabrication scales up to create larger structures such as cars and houses,
the time to build a layer increases. A direct result of this scaling up is that the supporting layer may
cool significantly by the time the next layer is deposited, weakening the interface. In order to
examine the ability of this protocol to enhance interfacial adhesion on cooled beads, samples were
fabricated with deliberate pause times between layers. The impact of incorporating crosslinkers
between the paused layers on the interlayer adhesion was then monitored by similar interfacial
adhesion measurements. Figure 2.5b. demonstrates the change in fracture energy of the modified

interlayer interfaces with print pause time. Longer pause times allow the sample to cool more,
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permitting filament to drop below the glass transition temperature, reducing interfilament diffusion
and weakening the interface. As the pause time increases, the thermal energy available for the
crosslinking reactions also decreases, potentially resulting in a decrease in interfacial adhesion in
the crosslinked samples as well. It is interesting to note that the interfacial adhesion of the PEH
modified interfaces decreases to values similar to unmodified samples with pause time. This result
illustrates, again, that interfacial strengthening reactions are not strongly coupled to crosslinker
reactivity. In fact, the DADCM and DADPM modified interfaces maintain fracture energies that

surpass the strength of the un-paused, unmodified ABS interface for all pause times.

Reaction Kinetics via Infrared Spectroscopy

The interfacial adhesion results are consistent with the formation of interlayer crosslinks
from the reaction of the multi-amine and the oxidized filament. To provide more insight into the
impact of crosslinker structure on the kinetics of these reactions, infrared spectroscopy was used
to follow the reaction of oxidized polybutadiene (Ox-PB) and the amine crosslinkers to model the
reactions that occur in the printing process. Oxidized polybutadiene is chosen as previous studies
of ABS oxidation has shown that the formation of oxidative functionalities at elevated temperature
are the result of the reaction of the unsaturated moieties of the polybutadiene, and that similar
oxidation processes do not occur in pure SAN material.®® °® Thus, we expect that the FTIR based
reaction results presented will simulate the reactions that occur in the printed part between the
amines and oxidative functional groups. The amines may react with a range of oxygenated
functionalities. For instance, it is known amines react with hydroxyl groups, where the reactivity
increases in proportion to the number and type of hydroxyl functionalities.®’” In more detail,
hydroxyl groups that neighbor epoxides may reposition the methylene carbon for more

entropically favorable nucleophilic attack from amines, providing one example of how the
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oxidation of the butadiene in the ABS filament facilitates the formation of interlayer crosslinks by
reaction with amines to strengthen interlayer interfaces as the object is built. By monitoring the
direct reactions of the additives with oxidized polybutadiene under thermal conditions that mimic
printed filament temperatures, a qualitative understanding of the impact of amine structure and
reactivity on the formation of inter-filament crosslinks is obtained that can then guide the choice

of crosslinker structure.

In these experiments, solutions of oxidized polybutadiene and each crosslinker at 10 or 30
weight percent in dichloromethane were dropped onto KBr discs. These films were then annealed
at 90 or 110 °C for extended periods of time. The choice of annealing temperature was guided by
measurements from an infrared camera (FLIR A35sc) that recorded the temperature of a single
layer on a sample cube printed under the same conditions as the crosslinked samples. The IR
thermal camera was placed within 1-2 ft of the printed sample cube. The temperature of the
crosslinked layers were then recorded by the camera (Figure 2.7a) as a function of time with the
same conditions as those observed in Figure 2.1b. Temperature measurements begin when a layer
is deposited and end when the print was completed. The reported temperature of the crosslinked
layers is the time average of the instantaneous temperatures that include temperature elevations
due to proximity of the hot extruder during deposition of subsequent layers as shown in Figure
2.1b. Filament temperature averages are then plotted as a function of the print time. These results
are shown in Figure 2.7b, which show that the deposited filament starts slightly above 110 °C and
then drops to 90 °C in approximately four minutes. Thus, these temperatures mimic the thermal
history and monitor the potential reaction during the first few minutes after bead deposition.

Peak assignments associated with crosslinker amine motion were obtained from IR spectra

analysis of the pure materials. An in-depth description of DADPM’s spectrum and subsequent
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peak assignments has been reported in the literature.%® Two peak pairs in the 3300-3415 cm™ region
were designated for the asymmetric and symmetric stretching of the primary amine’s hydrogens
(Fig. 2.8b). During sample annealing, the reaction progress of the primary amine was monitored
from the relative decrease of the intensities of these peaks. Using DADPM peak assignments as a
reference, the pure spectrum of DADCM and PEH were also analyzed and curve fitted for their
individual amine moieties. Full peak assignments for each species are listed in Table 2.1. Drop-
cast IR samples were then annealed at increasing annealing times and monitored for changes in
peaks or the creation of new peaks associated with newly formed bonds by reaction of the
crosslinker. In the DADPM mixtures, the formation of a secondary amine stretching peak (<3380
cmt) was observed beyond two minutes of annealing at 110 °C as seen in Fig. 2.8a. DADCM
mixtures generated a similar peak at approximately 3330 cm™ signifying secondary amine
creation. The growth of these secondary amine peaks are interpreted to indicate the formation of a
crosslink between the amine and the oxidized polybutadiene matrix with annealing time. Further
analysis of the time evolution of these peaks is then used to qualitatively monitor the reaction
kinetics of the individual crosslinker molecules with oxidized polybutadiene in hopes of providing
more insight into the driving forces that guide the interlayer strengthening observed above.
Qualitative Analysis of Reaction Kinetics

Possible reactions that will result in crosslink formation between filaments include the
reaction of a primary amine with an oxygenated functional group and the subsequent reaction of a
secondary amine to a different oxygenated functional group. Thus, the kinetics of the crosslinking

reactions are modeled using equations that account for both these reactions.

Primary Amine Depletion = k,[PBOx])*[-NH,]” = k; [-NH,]” Equation 2.2
Secondary Amine Depletion = k,[PBOx]*[—NH]? = kj [-NH]* Equation 2.3
k', + k', = k' (Combined Pseudo Rate Constant) Equation 2.4

[PBOx]* (Oxidized Polybutadiene)
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Table 2.1

Infrared signal assignments for Oxidized Polybutadiene and Crosslinker

Species

Wavenumber (cm™)

Assignment

3510

Free O-H Stretch

Polybutadiene 3430 O-H Stretch H-Bonded to Carbonyl

3270 O-H Stretch H-Bonded to Hydroxy!l

3444/3414 Asymmetric NH; Stretch

3380 i
4,4-Methylenedianiline Secondar?/ Amine Stretch

3336/3317 Symmetric NH, Stretch

3208 Aromatic C-H Stretch
Pentaethylene Hexamine 3359 Primary Amlne_ Stretch

3293 Secondary Amine Stretch
4,4'-Diaminodicyclohexylmethane 3348 Asymmet_rlc NH; Stretch

3290 Symmetric NH, Stretch
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Fig. 2.8. a. Infrared spectra analysis and peak assignment for an oxidized polybutadiene/DADPM

mixture and b. Atomic stretching and signal assignment of DADPM’s primary amine.
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Though the exact amount of oxidative functional groups present in the polybutadiene is
unknown, it is assumed to be relatively constant for a given oxidation process, and is thus
combined with the reaction rate constant k1 (k) to create a pseudo rate constant k1’ (k2”). The area
under the curve of the relevant peaks were then plotted as a function of annealing time. To monitor
the reaction of primary amines, the asymmetric amine stretching modes designated by 3414 cm™
(DADPM), 3348 cm™ (DADCM), and 3359 cm™ (PEH) were monitored. In the analysis of the
infrared spectra, the pair of asymmetric amine signals were found to be consistently distinct from
one another, allowing for a more reliable peak fit to monitor the reaction. Similar designations of
secondary amine stretches; 3375 cm™ (DADPM), 3330 cm™ (DADCM), and 3293 cm™ (PEH)
were used to follow the reaction of secondary amines. Peak normalization was conducted by
dividing the individual peak areas at given reaction times by the initial peak area prior to the

heating.

Figure 2.9 shows the change in the amount of primary (2.9a) and secondary (2.9b) amines
in the oxidized polybutadiene and 10% DADPM films with reaction time that are annealed at 90
°C and 110 °C. Figure 2.9a shows that the loss of primary amine in the reaction of DADPM and
oxidized polybutadiene reaches steady state after approximately 5-10 minutes when annealed at
110 °C. However, annealing at 90 °C does not attain a steady state primary amine concentration
even after 40 minutes. Inspection of Figure 2.9b shows that the concentration of secondary amines
grows at early times, which is coincident with the loss of primary amine. The amount of secondary
amine decreases as well at longer times, signifying the further reaction of the secondary amines
with the oxidized polybutadiene until the primary amines are fully converted at around 40 minutes.
The pseudo rate constant, ki’, for this primary amine reaction is then determined by taking an

average slope of the data below 10 minutes (i.e. before steady state) for the data at 110 °C and for
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the whole annealing time for the data at 90 °C. Similarly, the loss of secondary amine from 10 to
40 minutes for the sample annealed at 110 °C provides the pseudo rate constant k2. k1’ and k2’
can then be added to offer a qualitative total rate constant of the reaction (k” = ki’ + k2’) between
a given amine with oxidized polybutadiene. Figure 2.10 shows the same change in amine
concentration with annealing time for the oxidized polybutadiene and 30% DADPM films, while
Figure 2.11 shows the time evolution of the amine concentrations for the reaction of DADCM with
oxidized polybutadiene and Figure 2.12 provides the same evolution of the reaction of PEH with
oxidized polybutadiene. The pseudo rate constants ki’, k2’, and k’ for these reactions are also

derived from these plots as described above.

It is important to emphasize that these rate constants are only meant to provide insight into
the relative reactivity of DADPM, DADCM, and PEH with oxidized polybutadiene. This analysis
monitors the relative reactiveness of each crosslinker solely during the high temperature portions
of alayer’s thermal history (90-110 °C). Thus, the clearly qualitative nature of the analysis provides
insight into the underlying factors that control the relative rate of formation of crosslinks in the

proposed 3D printing protocol only for these potential crosslinkers.

Figure 2.13 shows the change in ki’ and k2’ (2.13a) as well as k’ (2.13b) for DADPM at
10% and 30% loading and both annealing temperatures. This data quantifies the extent to which
the reaction of the primary amine is (significantly) faster than the secondary amine reaction rate,
verifying that the reaction of the primary amine dominates the success of the crosslinking
reactions. This data also quantifies how much faster the reaction of DADPM with oxidized
polybutadiene is at 110 °C than at 90 °C and how changing the DADPM concentration impacts

the

44



-e-110C
-2-90C

o
o

e
u

Relative Area (3414cm)
(o] o
n o))

©
s

e
w

o
N

o
'_\
o
N
(=]
w
(=]

40
Time (min)

i
o L e

e e
n o N

o
»

-e-110C

Realtive Area (3375cm™)

o o ©
_oRN W

-2-90C

o

Time (min)
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reaction rate. Clearly most of the reaction between DADPM and oxidized polybutadiene occurs at
elevated temperature, is between the primary amine and oxygenated functionalities, and is more

efficient with higher amine loading.

Similar behavior is found for the reaction of DADCM and PEH with oxidized
polybutadiene, except that the rate of reaction of DADCM with Ox-PB is less dependent on
temperature. Figure 2.14 shows the pseudo rate constants of the primary amine reactions with Ox-
PB (Fig. 2.14a), the reactions of the secondary amines with Ox-PB (Fig. 2.14b) and the overall
reaction rate constants (Fig. 2.14c) for 10% amine loading. Inspection of these values leads to the
interpretation that the reaction of the DADPM primary amine at 110 °C is significantly faster than
other reactions, but that the reactions of DADCM is less dependent on temperature than that of
PEH or DADPM. The reaction of the secondary amines of PEH with Ox-PB are more prevalent
than in DADCM or DADPM, presumably because the PEH contains secondary amines in its
structure, and thus is more available for reaction. These results are in general agreement with the
general reactivity of aliphatic, cycloaliphatic, and aromatic amines as curing agents in epoxy
thermosets. It is well known that primary amines react more rapidly with epoxy functionalities
than secondary amines which matches well with the results of Figure 2.14.5% 70 The primary amine
reaction rate constant (ki’) of both DADPM and DADCM are consistently higher than the

secondary reaction rate constant (kz2’).

Correlation of these results to the interfacial fracture energy (Figure 2.5) leads to some
interesting insights. Reaction of DADPM with the oxidized polybutadiene in the printed structure
yield the strongest inter-layer adhesion, with DADCM exhibiting the next strongest at low amine
loadings, and PEH providing significant interlayer strength at the highest loading. Combining

knowledge of the interlayer thermal history during printing (Figure 2.7b) and the relative amine
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reactivity with Ox-PB, we conclude that the amine-Ox-PB reactions occur in the first few minutes
of the print process at elevated temperature. This is the condition where the DADPM reaction
dominates over that of the other two amines. If the reaction between amine and Ox-PB occurred
at lower temperature or the reaction of the secondary amines also significantly contributed to the
interfacial strengthening, DADCM or PEH would show stronger interfaces. The fact that PEH
shows significant strengthening of the interface at high loading suggests that the reaction of the

secondary amine can become important at higher loadings.

These results also indicate that the inherent reactivity of the amine with the Ox-PB is not
the dominant factor that controls the strength of the crosslinked interlayer interface. From amine
chemistry, one would expect that the aliphatic amines would react more readily than their aromatic
counter-parts, but it appears that the aromaticity of the amine conveys significant mechanical
strength to the crosslinked interfaces. This observation is consistent with the use of these multi-
amines as epoxy curing agents, where they react with epoxides to generate intermolecular
crosslinks in a thermoset. Review of the epoxy literature documents how amine curing agents
enhance the mechanical, thermal, and chemical resistance of epoxy thermosets, where aromatic
structures provide thermosets with increased strength but require higher curing temperatures.’ 72
The need for higher reaction temperatures is consistent with the qualitative Kinetics in Figure 2.14,
where DADPM reacts more readily at 110 °C. In an epoxy thermoset, cycloaliphatic amines also
generate thermal resistance and strength with lower toxicity than aromatic compounds.” Although
the physical improvements are less than with aromatic amines, cycloaliphatic amines are amongst
the most used curing agents as they compromise higher reactivity than aromatics and more robust
mechanical properties than aliphatic amines. This compromise is mirrored in the results of Figure

2.14a, where DADCM maintains primary amine reactivity under both annealing conditions while
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generating consistent interfacial strengthening even when the available heat for the reaction is
reduced with print pausing (Fig. 2.7b). Thus, the results above are consistent with the incorporation
of aromatic and cycloaliphatic amines into epoxy resins suitable for more robust applications
where mechanical strength is important, as the DADPM and DADCM form the most robust

interfaces, particularly at lower amine loadings.

These results therefore indicate that the use of cycloaliphatic or aromatic crosslinking
molecules at the interfilament interface provides optimal interfacial strengthening and reactivity
that can mitigate structural anisotropy in 3D printed structures. The placement of the crosslinking
molecules can be implemented immediately before the deposition of a filament, providing a
pathway to utilize available thermal energy of the melted bead for the inter-filament reaction.
Moreover, this protocol is scalable and readily implemented in most extrusion-based geometries,
providing a novel addition to the polymeric 3D printing toolbox that will benefit the growth of 3D

printing towards real world manufacturing technologies.

Conclusion

These results document a protocol to form covalent bonds between layers in fused filament
fabrication printing. Multi-amines deposited between layers in an ABS cube fabricated by FFF
during deposition exhibit interlayer interfaces with substantially improved interlayer fracture
energy. This strengthening of the interlayer interfaces is attributed to the reaction of the amines
with oxygenated functional groups that form by the oxidation of the ABS filament interface during
the printing process. The extent of strengthening of the interface is correlated to the relative
reactivity of various multi-amines with oxidized polybutadiene as determined by IR spectroscopy.
This correlation indicates that the crosslinking reactions dominate at elevated temperature and thus

occur quickly after a filament is deposited. Additional insight indicates that the reactivity of the
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amine is not the principal factor controlling the strengthening of the interface, rather the
aromaticity or cyclic structure of the crosslinker appears to be an important factor in creating robust
interfaces. Higher loadings of crosslinker also improve interlayer fracture energy. These results
therefore provide an underpinning for expanding this protocol to a broad range of materials and

processes in extrusion based additive manufacturing.

54



Chapter 3. Nanoscale Additives and Irreversible
Thermal Strain in Fused Filament Fabrication
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Abstract

3D printing with Fused Filament Fabrication (FFF) is a production method that can
potentially evolve to be suitable for large-scale manufacturing. One issue in scaling up the printing
process is irreversible thermal strain caused by the layer-by-layer printing process. To evaluate the
impact of nanoscale additives on irreversible thermal strain (&), 3D printed poly(lactic acid) (PLA)
monoliths were annealed and monitored for changes in sample geometry. Samples with graphene
and low molecular weight (LMW) 3-arm star PLA additives exhibit higher relative £ compared to
samples printed from unmodified PLA. Accounting for the contribution of void space of the
printed object to the measured strain, &, generates a more accurate measure of the strain that occurs
within the filament, &*. Evaluation of &* indicates incorporation of the LMW PLA into the
filament increases the irreversible thermal strain in the printed object, while samples with pure
PLA or the graphene blend maintain similar strain. By correlating the enthalpy of an
experimentally observed endotherm near the glass transition to the release of strain (g), a
connection between the molecular relaxation in the printed filament chains to the macroscopic
dimensional changes in the various filament constructs is provided. Our interpretation of these
relationships is that the addition of bulky graphene sheets increases filament viscosity and confines
the polymer chain, which slows the chain relaxation. These nanoscale changes, along with
increased thermal conductivity that creates a more homogeneous filament thermal history, appears
to minimize irreversible thermal strain build up in these samples. The addition of LMW PLA to
the filament has the opposite effect, where a lower filament viscosity appears to increase chain
alignment and lead to an increase in macroscopic strain release. Cumulatively, our results

demonstrate a relationship between filament viscosity, thermal conductivity, and the resulting
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irreversible thermal strain that provides insight to rationally incorporate nanoscale additives to

mitigate warpage in the printed part.
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Introduction

Fused filament fabrication (FFF) is an additive manufacturing (AM) technique that is
expanding from rapid object design and prototyping to robust product generation. A consistent
issue for FFF and other layered deposition techniques is the accumulation of residual stresses
during printing.”*"® This buildup of residual stresses within a printed structure is a direct result of
the cyclical thermal history of the structure during the deposition process. An FFF print consists
of heating a polymer filament above its melting temperature in the extruder head, whereby the
semi-molten material is deposited onto a heated surface as beads in two-dimensional layers as
directed by the printer computer. With the completion of each layer, the printer moves the hot
nozzle upwards a specific pre-determined height and deposits each subsequent layer until the
object is completed. Throughout extrusion, molten FFF filament is subjected to shear stresses that
may deform the polymer, where this molecular level deformation may be trapped in the printed
structure as the deposited bead cools to the glassy state. When the cooled bead is subsequently
raised above the glass transition (Tg), the polymer chains may rearrange towards
thermodynamically stable states, however this occurs heterogeneously throughout the sample due
to the complex and periodic thermal history of the print process. The generation of residual stress,
then, is from variation in the thermal history of filament in the cooled, glassy state and the molten
polymer being deposited as subsequent layers. This results in uneven distributions of residual
stress throughout the layer-by-layer build process. Release of this uneven distribution of residual
stress then manifests macroscopically as structural warpage, delamination, or cracking via
irreversible thermal strain. Figure 3.1 illustrates this process by which the deformation and
vitrification of deposited beads may subsequently contract when irreversible thermal strain is
released.
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Multiple factors may influence the irreversible thermal strain within a 3D printed object.
These factors include build parameters, the printer and working thermal environments, and
filament material characteristics. The impact of build conditions on print irreversible thermal strain
and residual stress have been studied, including the raster angle, layer thickness, and nozzle speed,
and have led to reduction in irreversible thermal strain in 3D printed objects.?425 7°-81 For instance,
Kantaros and Karalekas demonstrated that the raster angle has a direct influence on the degree of
residual stress in a print, with a 0° raster direction having consistently lower residual stresses and
strains compared to 90° and 45° degree orientations. In addition, the effect of raster orientation on
the observed residual strain was lower when the individual layer thickness was doubled from 0.25
mm to 0.5 mm. Peterson et al. conducted a similar study that determined the effect of layer
thickness on irreversible thermal strain relief by monitoring the change in the size of printed
samples as a function of annealing time above Tq.” By controlling the print layer thickness, it is
possible to design 3D printed objects with targeted dimensional changes with annealing or to

minimize the observed strain release.

Publications by our group show that using nanoscale additives such as low molecular
weight (LMW) PLA and graphene additives reduces mechanical anisotropy of PLA structures
fabricated by FFF. Levenhagen et al. showed that the addition of LMW PLA additives to PLA FFF
filament improves the interdiffusion of polymer between layers during the print process, which in
turn strengthens the interlayer interface and reduces anisotropy.>® & The stronger interlayer

interface creates a higher mechanical strength of the print when force is applied perpendicular to
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Fig. 3.1. Illustration of print warpage in an FFF process as established layers are cooled or

thermally annealed.
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the layered build. Despite these improvements, it is unknown what effects the low molecular
weight additives have on the buildup of irreversible thermal strain during the 3D print process.
Our group has also examined the effect of graphene addition to PLA filament on the mechanical
and thermal properties of FFF objects. Rostom et al. demonstrated that graphene enhances the
thermal conductivity of the polymer material in a similar way to carbon fibers.?"8% 8 The enhanced
thermal conductivity results in more isotropic heat distribution in the printed object, which results
in individual layers cooling more uniformly during the printing process to improve interlayer

diffusion and reduce anisotropy.

The improvements in print mechanical properties with these nanoscale additives has led to
the question of how their addition may change the buildup of irreversible thermal strain for PLA
prints. The irreversible thermal strain in completed prints have internal stresses that are alleviated
by annealing at temperatures above the filament’s Tq.2% ’> ’® By monitoring the deformation of
printed objects at higher temperatures, it is possible to characterize the irreversible thermal strain
in a printed object and the impact of material composition on said strain. To this end, 3D printed
monoliths of filament with and without graphene and LMW PLA nanoscale additives were printed
and isothermally annealed above Ty The changes in sample length for each 3D axis were
monitored as a function of annealing time. In addition, the amount of interfilament void space in
the annealed samples was determined with scanning electron microscopy (SEM). Void space
corrections provide a route to account for void space contraction that is captured in the
macroscopic measurement and to focus on the change in the solid filament during irreversible
thermal strain release. Lastly, differential scanning calorimetry provides molecular insight into the
complex glass transitions of the filament and how nanoscale additives generate changes to this

molecular environment. Results elucidate the different molecular characteristics of each additive
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and their effects on the energetic requirements to allow for polymer chain diffusion at the
microscopic level. This study also demonstrates that the presence of LMW PLA in the filament
induces more irreversible thermal strain during the print process, while the presence of graphene

hinders the strain release.

Experimental

Materials and Filament Composite Production

2.85 mm diameter PLA filament from GizmoDorks was used as the base material with no
modifications. Modified filaments consisted of the base PLA filament with 0.5 wt% graphene and
0.5 wt% low molecular weight (LMW) 3-armed PLA. The 3-armed PLA in this filament refers to
a 3-armed star shaped polymer with individual 11,000 g/mol arms to form a molecule with a
molecular weight of 33,000 g/mol. The filament with the 3-arm star was available from a
previously published study.®? Reference 60 describes the 3-armed PLA synthesis and the filament
generation process. To create homogenously dispersed graphene filament, a previously reported
coagulation method was used.®® In this process, 0.5 grams of graphene was added to 1 L
dimethylformamide in a beaker to produce a 0.5 mg/mL solution. This solution was then sonicated
for 24 hours to uniformly disperse the graphene. 50 grams of dried PLA pellets were then dissolved
in the graphene solution at 65 °C for 48 hours. PLA/graphene nanocomposite was then precipitated
from the solution by mixing deionized water with the solution in a 200 mL/400 mL ratio and
vigorously blending in a steel blender. Wet PLA/graphene nanocomposites were then air dried for
48 hours and further vacuum dried at 120 °C for an additional 24 hours. Dry material was then

powdered in a blender which was then crudely extruded via a Filabot screw extruder at 168 °C.
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The crude graphene filament was then pelletized and re-extruded with the same parameters to

make the desired 2.85+0.1 mm filament.
Sample Printing, Thermal Annealing, and Sample Analysis

3D-printed monoliths were printed from the three filament types, pure PLA, PLA/LMW 3-
armed star blends, and PLA/graphene nanocomposites. The monoliths were rectangular shapes
with dimensions of 50 mm (Z) x 10 mm (Y) x 2 mm (X). 36 samples were analyzed for each
filament type. The monoliths were printed with a nozzle temperature of 190 °C and a bed
temperature of 75 °C using a Lulzbot Taz 5 FFF printer. Individual monolith layers were 0.3 mm
thick, 100% infill, and a 0° parallel bead deposition pattern. Completed prints were cooled to room
temperature before removal from the bed surface. Monolith dimensions were then measured with
a set of engineering calipers and recorded prior to thermal annealing. Sample sets of 3 monoliths
were then placed into a vacuum oven set at 85 °C, and the dimensions of the monolith were

measured as a function of annealing time.

The irreversible thermal strain, & along each orthogonal monolith dimension was
determined for each sample using Equation 3.1, where L, and Lt are the monolith length in a set
axis before and after annealing, respectively. The influence of graphene and LMW PLA on & was
determined by following the size of the monolith in each direction as a function of annealing time
at 85 °C. Monoliths dimensions were recorded to within 0.01 mm to obtain accurate recordings of

the change in the size of the sample.

€ (Irreversible Thermal Strain) = LtL_—L"

o

Equation 3.1

The basis of this monolith analysis is derived from similar work conducted by Peterson et al.” &
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Scanning Electron Microscopy and Void Space Analysis

Monoliths were placed into a liquid nitrogen bath to embrittle the polymer, allowing the
samples to be cracked down the middle to expose interfilament void spaces that are imaged by
electron microscopy. A diagram of this process is presented in Figure 3.2. Fracture surfaces were
gold sputtered prior to imaging to prevent sample charging during SEM analysis. A Zeiss EVO
MAL15 electron microscope was used with a X80 magnification and a working distance of 9.5mm.
Void space analysis was completed in three stages with ImageJ software as shown in Figure 3.3.
In this process, the initial raw image is converted to black and white by adjusting threshold limits
to isolate the void space. This image is then analyzed to determine the percent of the image that is

occupied by void space. Images were taken for each annealing time step.

Glass Transition of Monoliths

Small amounts of polymer (approx. 5 mg) were cut from each monolith and placed into
hermetically sealed aluminum sample pans. The thermal transitions of the monolith samples was
determined with a TA Instruments Q2000 differential scanning calorimeter (DSC). DSC samples
were first thermally equilibrated to 25 °C and then heated at 5 °C/min to a temperature of 200 °C.
This analysis was conducted for samples of each monolith at each annealing time. The glass
transition and enthalpy near the glass transition of the filament was determined for each sample

with TA universal software.
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Results

Additive Influence on Irreversible Thermal Strain (¢)

Unmodified PLA monoliths were the first samples to be printed and annealed to monitor
the release of irreversible thermal strain, &, of the pure polymer filament in the printed monolith.
Changes in the monolith length in the X, Y, and Z dimensions were recorded and ;i is plotted for
each direction as a function of annealing time in Figure 3.4. From these measurements, both the
contraction and expansion of the sample in the Y and Z direction, respectively, are readily
apparent. Within short annealing times of ca. 1-hour, significant deformation of the monolith is
clearly observed. This suggests that the irreversible thermal strain within a sample is released
rapidly. As observed in Figure 3.4a and 3.4b, a decrease in size in the Y dimension corresponds to
a similar expansion in the Z direction. A potential molecular level picture of this transformation is
illustrated in Figure 3.5 where individual beads in the print expand along the Z-axis while the
elongated bead contracts in the Y-axis. Changes in the size of the monolith along the X-axis for
all three materials were consistently near zero. For this reason, the change in size along the X-axis

values were assumed to be a negligible factor in the observed monolith dimensional size.

Figure 3.4 clearly shows that both additives increase the observed amount of irreversible
thermal strain released with annealing relative to the pure PLA sample. The data show that the
maximum & of ca. 0.075 and 0.05 occurs at 1.75 and 5 hours for the LMW PLA blends and
graphene nanocomposite, respectively. The rate at which & increases also varies with the filament
composition, though the trend does not persist for annealing times longer than one hour. This

macroscopic change with anneal time is consistent with molecules in the filament bead relaxing
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Fig. 3.5. Scanning electron microscopy images of 3D-printed monolith interfilament void space

after a-c) 1.25 minutes and d-f) 24 hours of annealing at 85 °C.
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from being deformed along the y-axis during FFF deposition, to attain more isotropic states that

are closer to thermodynamic equilibrium.

Although this data illustrates the effects of the nanoscale additives on the macroscopic size
of the printed structure, this analysis monitors the change of the dimensions of the deposited
filaments and the void space that resides between them. The internal structure of the monolith
consists of deposited beads that change in size that follows the measured &, but also contains
interfilament and interlayer void spaces that are likely to change in size as a result of irreversible
thermal strain release as well. To focus our interpretation on the change in the deposited polymer
and remove any artifacts from changes in void space, the contributions of the change in void space
must be removed from the reported & values. For this purpose, the percent void space in each

monolith as a function of annealing time is monitored with SEM.

Void Space and Additional Strain Contributions

Figure 3.6 shows the SEM images of the cross sections of the annealed samples at the
shortest and longest annealing time for each filament composition. Image contrast for each sample
was adjusted to yield sharp borders between the filament material and the void spaces. The percent
void space in each image was then determined via software analysis, and plotted as a function of
annealing time in Figure 3.7. These results indicate that the filament with LMW PLA and the pure
PLA exhibit the highest percentage of void space initially, which generally decrease with
annealing. This result contrasts the change in void space of the graphene nanocomposite, where
the percent void space in the sample does not change much initially, where it hovers around 1%
until approximately 5 hours of annealing after which the void space expands to 2-2.5%. The
decrease in void space is the result of the same microscopic process that generates the macroscopic

change in size. Annealing samples above Ty releases deformed polymer chains from non-
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equilibrium conformation and allows interfilament diffusion between the print layers, which
decreases the void spaces as the bead expands in the X and Z directions. Although LMW PLA has
been shown to enhance the diffusion of the polymer between filaments during print deposition,
this effect does not appear to drastically increase the rate of the decrease in void space. One
interpretation that is consistent with our original analysis is that the smaller LMW chains
preferentially migrate to the filament bead interface during the printing process.®? The rapid
translation, therefore, limits the impact of the small chains on the amount of void space with further
annealing. The graphene nanocomposite samples exhibit minimal void space that does not change
much with annealing, which can be ascribed to the enhanced thermal conductivity provided by the
additive.?” Improved heat transfer during the print process extends the time above Tg, during the
print process, which prolongs polymer diffusion for a given print condition. This results in a

smaller amount of initial void space as observed in Figure 3.7.

To account for void space contributions in the irreversible thermal strain results (Fig. 3.4),
the % area monolith void space (V) was calculated using Equation 3.2, where the SEM void space
% is the calculated void space percentage as a function of annealing time. Equation 3.3 is then
used to determine the void space adjusted irreversible thermal strain (¢*) of the monolith along the
Z-axis. This equation removes the contribution of the void space to the macroscopic ¢ to emphasize
the structural changes of the filament only and removes any convolution between the irreversible
thermal strain induced filament expansion and void space changes. Figure 3.8 illustrates the change
in Z-axis adjusted irreversible thermal strain of the three samples as a function of annealing time.
It is interesting that correcting for the void space shows that the ¢* of the low Mw PLA blend
effectively doubles with annealing. Moreover, the &* of the graphene nanocomposite and the pure

PLA are very similar, while &* increases much more readily for the PLA with the LMW additive.
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SEM void space %
100

% Area Monolith Void Space (V) = Equation 3.2

[LoX(1=Vo)]=[(Lex(1-V)]
[Lox (1—V0)]

Adjusted Irreversible Thermal Strain (£*) = Equation 3.3

Filament Glass Transition Behavior

Differential scanning calorimetry provides insight into the thermal transitions of the printed
polymer. For example, Figure 3.9 shows the DSC thermograms of pure PLA for a series of
annealing times. Inspection of these curves establishes that the glass transition occurs in two steps
and has a significant enthalpy associated with it. More precisely, the as-printed structure shows
two Tgs, both between 55 and 60 °C, while the samples that are annealed up to thirty minutes show
the separation of the two transitions. For these annealing times, the lower transition shifts to ca.
52-54 °C, while the higher transition remains just below 60 °C. The presence of two glass
transitions indicates two conformational states of the polymer in the printed structures. Previous
studies have demonstrated that the applied shear force of the deposition results in a distribution of
polymer chain alignment, where the polymer near the surface of the filament is more aligned than
those that reside in the center of the filament. At the bead center, polymer chains are not aligned
as extensively at the surface and thus relax towards a more isotropic structure during the printing
process, leading to a more isotropic bead center with thermal properties that are similar to the bulk
polymer.8’-8 polymer that is closer to the filament surface is subjected to higher shear forces and
faster cooling rates via conduction that prevent the shear aligned material from relaxing to more
isotropic structures during the print process. This gradient of interfilament conformational states
is consistent with the multiple Tqs observed in Figure 3.9. The isotropic bulk portion of the filament
appears to undergo a Tg that manifests as the expected step function in the thermogram, while the
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aligned chains near the filament surface require more thermal energy to relax, which manifests as
a corresponding endothermic peak. Inspection of the size of the enthalpic peak provides insight
into the barriers that exist for the transition from glassy to rubbery behavior for each sample, which
is relevant to the release of irreversible thermal strain. For instance, a larger endothermic peak
indicates a more deeply trapped polymer conformation, which must be freed to allow for the
release of irreversible thermal strain. Thus, the enthalpy of the glass transition for each filament is

plotted as a function of annealing time in Figure 3.10.

The enthalpy associated with the glass transition decreases for each filament as annealing
time increases. The pure and LMW PLA modified filaments exhibit initial enthalpies of
approximately 0.01 J which generally decrease with annealing over 24 hours to very low values,
0-0.003 J. The size of the endotherm decreases quickly (within minutes) for the LMW PLA
filament, which we ascribe to the plasticizing effects of the LMW PLA additive. This is consistent
with previous work by Levenhagen et al, which report that PLA filaments with multi-armed PLA
additives have lower viscosities.®? The polymer chains in the lower viscosity blend are more
mobile, providing efficient routes to release irreversible thermal strain. This, in turn, results in
more complete release of the irreversible thermal strain during annealing, which manifests in
Figure 3.8 as higher contraction of the filament along the shear strain and greater bead expansion
as aligned chains relax. It appears this enhanced relaxation process results in a larger change in the

size of the monolith with annealing and a drastic reduction in the required glass transition enthalpy.

Conversely, graphene filament requires twice the energy to undergo the glass transition,
which may be attributed to an inhibition of the polymer dynamics by the larger graphene sheet.
The addition of graphene and sheet-like materials has been shown to slow polymer dynamics by

acting as obstructions that reduce overall motion of the polymer.2° Polymers in graphene
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nanocomposites are often attracted to the surface of the individual graphene sheets by non-covalent
interactions, where these interactions drive the formation of aggregates of aligned chains parallel
to the orientation of the sheet.®**® Under such aggregated conditions, PLA chains would require
additional thermal energy to overcome the attractive forces of the graphene sheets to undergo the
glass transition. The increased enthalpy required to undergo the glass transition corresponds to the
slower and less efficient relaxation of deformed polymer chain conformations. This, in turn,
manifests macroscopically as similar irreversible thermal strain as pure PLA with annealing but

with a higher energetic barrier to induce it.

Discussion

The amount of irreversible thermal strain in a printed object clearly changes with material
composition, including the incorporation of nanoscale additives. To obtain an accurate
approximation of change in dimensions of the filament bead, the contribution of the void space to
the macroscopic dimension that is monitored must be accounted for. This is accomplished by SEM
image analysis. The corrected strain measurements then more accurately monitor the irreversible
thermal strain in the filament of the printed structure, but do not provide insight into the molecular
level processes that contribute to these macroscopic observations. Conversely, the enthalpy
associated with the glass transition is correlated to the energetic barriers to polymer chain motion
when transitioning from a glass to a rubber. Thus, this data provides insight into the molecular
environment of the polymer matrix and the change in polymer dynamics generated by the
additives, which in turn offers a foundation to understand the macroscopic irreversible thermal
strain results. Towards this goal, a plot of the enthalpy associated with the glass transition as a
function of the void space adjusted thermal strain is presented in Figure 3.11 to illustrate this

relationship.
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This plot provides a correlation of how the local polymer dynamics are altered by the
addition of the nanoscale additive (as monitored by the Tg4 enthalpy) to the amount of irreversible
thermal strain in each printed object, and its release with annealing at elevated temperature.
Graphene is a bulky nanoparticle that can sterically hinder polymer dynamics and increases
filament viscosity. Macroscopically, however, the addition of graphene does not change the
amount of irreversible thermal strain in the printed sample, which limits the benefits of the
otherwise enhanced mechanical properties of this material. This is interpreted to indicate that the
graphene confines the deformed chains, requiring more thermal energy to release the strain. At the
same time, increase in PLA thermal conductivity by addition of graphene improves heat
distribution throughout the printing process, resulting in a more uniform thermal environments,
enhanced mechanical properties of transverse printed objects, and reduced amounts of irreversible
thermal strain release in the final printed part. The improved thermal conductivity and slowing of
polymer chain dynamics, therefore, appears to be the dominant mechanism that controls the build
up of irreversible thermal strain in the PLA-graphene nanocomposites over the molecular level

confinement or potential alignment correlated to the presence of the graphene.

Conversely, the addition of LMW PLA molecules leads to a higher amount of irreversible
thermal strain in the final printed structure. Invoking the correlation between molecular alignment
and release of irreversible thermal strain illustrated in Figure 3.5, this would imply that the printing
of filament with LMW PLA, and a lower viscosity, aligns the PLA molecules more than in the
neat PLA print. It is interesting that this differs from the predictions of Mcllroy and Olmsted in
their computational study of the deformation of amorphous polymers during FFF printing. In this
work, they estimate the extent of chain orientation, deformation, and disentanglement during the

FFF extrusion and deposition process.** Most relevant for our studies, their results show that there
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is no change in disentanglement (and alignment) with a change in polymer molecular weight. Thus,
this computational work predicts that the sample with PLA with LMW should be similarly aligned
on the molecular level in the FFF deposition process as in the pure PLA sample. However, the
residual strain measurements clearly show differences in the warpage of the pure PLA sample and
those fabricated with LMW additives. We have ongoing neutron scattering experiments to examine
the change in molecular orientation of these samples to test the proposed relationship between
molecular alignment and measured residual strain.

Cumulatively, these results demonstrate that the amount of irreversible thermal strain that
accumulates in an FFF printed object is altered by the presence of nanoscale additives, but the
manner in which the irreversible thermal strain varies is crucially dependent on the nature of the
nanoscale additive. In the case of the addition of graphene, the increase in viscosity and thermal
conductivity of the filament leads to a more homogeneous shear and thermal history of the sample,
which inhibits the development of irreversible thermal strain. At the same time, the confinement
of the polymer near the nanoparticle appears to require additional thermal energy to release the
irreversible thermal strain. On the other hand, the lowering of the viscosity of the filament by the
addition of the LMW PLA molecules appears to enhance molecular orientation of the polymer
chains, which corresponds to an increased amount of irreversible thermal strain in the printed

object.

Conclusion

Our research efforts have monitored the effects of various nanoscale additives on the
irreversible thermal strain (e) in objects printed by fused filament fabrication (FFF) with PLA by
measuring the release of this strain with annealing. Printed monolith samples formed from filament
with graphene and LMW 3-arm star PLA additives displayed more irreversible thermal strain
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relative to unmodified PLA samples. The measured ¢ are a combination of the amount of void
space in the monolith as well as the changes in the filament dimensions. Removing the contribution
of the void space to the macroscopic measurements provides a more accurate quantification of the
changes in the filament structure with annealing. Monitoring the release of this corrected strain,
&*, shows that the addition of LMW PLA enhances the amount of irreversible thermal strain while
the amount of strain in the sample with graphene is consistent with that of the pure PLA monolith.
Calorimetric analysis of each printed structure displayed complex glass transition behavior with
multiple Ty‘s and an associated endotherm. Correlating the release of the irreversible thermal strain
to the enthalpy of endotherms near the glass transition provides a method to connect the molecular
relaxation in the printed filament bead to the macroscopic dimensional changes. The observed
relationships are interpreted to indicate that graphene within the PLA slows the chain relaxation,
increasing the energy requirement to transition polymer to the rubbery state and release the
irreversible thermal strain that develops during printing. Conversely, the addition of LMW PLA
lowers the viscosity and appears to increase chain alignment, which manifests as an increase in the
macroscopic strain in the printed structure. Ultimately, these results demonstrate that the addition
of nanoscale additives will alter the amount of irreversible thermal strain present in an object
printed by FFF. The addition of impenetrable anisotropic graphene sheets that increase viscosity
and thermal conductivity creates a more homogeneous thermal history and molecular confinement
that minimizes the buildup of irreversible thermal strain, which in turn limits the benefits of
enhanced mechanical properties. This relationship between viscosity, thermal conductivity, and
the resulting strain release provides a mechanism to incorporate nanoscale additives in objects
created by FFF with modified mechanical and chemical properties and controlled strain release,

providing progress towards 3D printing as a potential manufacturing technology.
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Chapter 4. Immiscible Blend Changes Induced by
Telechelic Oligomers and Biphasic Interface
Copolymers
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Abstract

In this work, the immiscible polymer blend of poly (ethylene oxide) (PEO) and
poly(bisphenol-A-co-epichlorohydrin) (PBAE) is reactively compatibilized with telechelic
oligomers to form multiblock copolymer interfacial modifiers. Blend mechanical properties
improved with reactive compatibilization by the formation of copolymer at the biphasic interface.
More importantly, the results indicate that optimization of this process requires a balance of three
molecular-level processes that emerge in the reactive compatibilization of a crystalline polymer
blend. Increased loading of telechelic results in the plasticization of the blend by excess telechelic,
which decreases the Young’s modulus. This plasticization effect can be mitigated by limiting the
loading of reactive telechelics to less than ca. 0.5 to 1 weight percent (wt%). The presence of
excess oligomer also impacts the extent of PEO crystallinity, where an increase in crystallinity is
found with increased oligomer concentration, which in turn results in a higher modulus.
Plasticization and change in PEO crystallinity couple to the reactive formation of multi-block
copolymer compatibilizer during mixing to direct the final properties of the phase separated
polymer blend. The competitive or cooperative relationship between PEO crystallization and the
reactive compatibilization is then elucidated. Ultimately, each molecular process occurs
throughout the blend formation process and exert varying influence on the blend mechanical
properties. Plasticization lowers the blend modulus and occurs throughout the blend preparation
process, but also enhances PEO crystallization. The detrimental mechanical effects of
plasticization can be limited by keeping target oligomer composition to ca. 0.5 to 1 wt%, by
presumably leaving very little unreacted oligomer after reactive processing. Thus, resulting in a
system that exhibits only the reinforcing effects of blend compatibilization and PEO

crystallization. The insight provided by these studies offers a more complete fundamental picture
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of the opportunities for reactive compatibilization of crystalline polymer blends, which is relevant

for plastics recycling.
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Introduction

Polymer blends offer a material construct that offers control and tunability in the properties
of commodity products. Industrially, mixing two polymers to create a new material with targeted
properties is advantageous because it is achieved with available process equipment. Formation of
blends is also cheaper and more rapid than research into new polymer species or polymerization
techniques.®® By varying the volume fraction of each polymer, the thermomechanical properties
of a blend can be tailored to fulfill specific material engineering requirements. These composition-

induced variations range from modulus enhancements to the blend’s thermal properties. %%

Most polymers do not mix into miscible materials, due to their low entropy of mixing.
Thus, blending most polymer pairs will produce an immiscible and phase separated material with
poor thermomechanical properties. Usually, the mechanical properties of phase separated blends,
such as rigidity and tensile strength, are inferior to that of the original homopolymers. One reason
for this is that entanglement of polymers across the interface in immiscible polymer blends is
minimal. With the only forces left to strengthen the polymer-polymer interface being non-covalent

interactions, the result is a phase separated mixture with poor elasticity, rigidity, or toughness.

Polymer blending is also significant for plastics recycling, where products that would
normally enter landfills through municipal waste streams are converted into usable materials.
Separating polymers in the waste stream by chemical composition, crystallinity, and compatibility
is an important but time-consuming process that makes polymer recycling less efficient and
scalable. The unfortunate reality, therefore, is that the polymers that emerge from the waste stream
consist of a mixture of components. These mixtures most often form phase separated polymer

blends with substandard properties. Moreover, most polymers in the waste stream (polyethylene,
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polypropylene, poly(ethylene terephthalate) are crystalline polymers, and therefore developing

ways to improve and control the properties of crystalline polymer blends is needed. % 101

The morphology and assembly of phase separated polymer blends depends on the thermal
and shear history of the blend, where the reduction in the biphasic surface area drives the minor
phase polymer to form larger domains via droplet coalescence.'%%1%4 A depiction of minor phase
droplet coalescence for a heterogeneous blend is illustrated in Figure 4.1a. Extensive research has
focused on improving the properties of phase separated polymer blends by the addition of a
polymeric interfacial modifier as a compatibilizer.1% 1% A common compatibilizer is a copolymer
that consists of monomers that are compatible with both blend components. When added to the
blend, the copolymer migrates to the biphasic interface to potentially lower interfacial tension,
increase entanglements across the biphasic interface, and minimize droplet coalescence. As
demonstrated in both simulations and experimental blend work, the effectiveness of an added
copolymer as a compatibilizer is influenced by a number of factors. These parameters include the
compatibilizer molecular weight, the number and length of block segments, and the sequence
distribution of the monomers in the copolymer.®”: 1%5-110 Numerous copolymer architectures have
been examined as blend compatibilizers, from diblock copolymers to alternating and random
copolymers. Previous research by Eastwood and Dadmun shows that a particularly effective
copolymer sequence distributions for compatibilization are multi-block copolymers with monomer
blocks that are of sufficient length to entangle with the chains of their respective homopolymer

phase. 45
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Compatibilizing copolymers can be introduced into a blend by different methods. The first
requires that copolymer be made in a separate reaction and then added to the blend during melt
mixing. The second compatibilization technique utilizes reactive components that are added to the
pre-mixed blend composition that diffuse to the biphasic interface during mixing and react to form
the compatibilizer.*® 1'% 112 Previous research in our group has demonstrated that the reaction of
reactive oligomer species, or telechelics, is an effective reactive processing protocol. In this
process, the telechelics diffuse rapidly in the blend during the high temperature melt mixing to
form a copolymer at the biphasic interface via the reaction of end-chain functional groups (Figure
4.1b).113 114 The rate of copolymer formation in this reactive processing scheme is influenced by
several factors, including end-chain functional group reactivity, oligomer migration from bulk
homopolymer to the interface, and the number of entanglements or crowding of copolymer chains
at the interface.%® 112 115,116 |t has also been shown that larger chain length oligomers have slower
rates of reaction compared to smaller chains due to their slow diffusion to the biphasic interface.'?
These results therefore show that the formation of multi-block copolymers by the reactive

processing of telechelics act as an effective compatibilizer of heterogeneous polymer blends.

The results reported here extend our knowledge of the utility and limitation of reactive
compatibilization to improve the properties of phase separated crystalline polymer blends.
Previous work by O’Brien et. al. demonstrated the importance of excess reactive telechelic in the
compatibilization of crystalline polymer blends, where the plasticization of the blend by unreacted
telechelic impacts polymer crystallinity and blend mechanical properties.!* This study was
conducted at a fixed telechelic loading, 10 wt%, and did not examine lower telechelic loadings. In
another study, Ashcraft examined the reactive compatibilization of amorphous polymer blends

with variable telechelic concentration. These studies demonstrate that excess unreacted telechelic
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accelerates, rather than inhibits, droplet coalescence.™® Therefore, the purpose of this research is
to generate a more complete understanding of how telechelic loading impacts the reactive
compatibilization of crystalline polymer blends and identify the optimal oligomer concentration

needed to create samples with the improved mechanical properties.

This research effort also examines the impact of the telechelic end group reactivity on blend
compatibilization. Orr et al. determined the reaction rates of various functional end group pairs in
the reaction of end-functionalized polymers to form block copolymers. These results showed that
the most rapid reaction involves primary amines and cyclic anhydrides.!*” Although these
functional groups have the fastest reaction rates, this reaction has limitations that make it less
suitable for commercial applications. A more scalable and tolerant reaction, though slower, is the
formation of ester linkages from the reaction of carboxylic acid and epoxy groups, often used in
commercial resins. Previous studies suggest that this reaction is sufficiently fast to compatibilize
amorphous polymer blends but has not been studied in the more complex process of
compatibilizing crystalline polymer blends. Thus, in these studies, the use of poly(ethylene oxide)
(PEO) and Poly(bisphenol-A-co-epichlorohydrin) (PBAE) telechelic oligomers with carboxylic
acid and epoxy end groups, respectively, to reactively compatibilize the crystalline blend of their

respective homopolymers is examined.

Experimental

Materials

Homopolymer, reactive, and unreactive oligomeric PEO were purchased from Sigma
Aldrich as white powders. PEO polymers consisted of a 100,000 g/mol weight-average molecular
weight (Mw) species, and two oligomer PEO species of 3,000 g/mol Mw. The reactive PEO

oligomer chains were set with carboxylic acid functional groups while the unreactive versions
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were only functionalized with hydroxyl group chain ends. Opaque 50,000 g/mol My PBAE pellets
were obtained from Alfa Chemistry, while the 4,000 g/mol number-average molecular weight (M)
epoxy terminated PBAE was obtained from Sigma Aldrich. The structure of the reactive
telechelics, including their respective end group functionalities, is presented in Figure 4.2.
Blend Dogbone Sample Production and Mechanical Property Testing

The ratio of homopolymers in the blend remained constant at 70:30 PBAE:PEO by weight
(abbrev. wt%). As reported in previous work, this blend composition is miscible at the melt mixing
temperature of 150 °C, but phase separated at lower temperature.!’* Blends containing
approximately 0.5 to 10 wt% oligomer were added to the blend with a 1:1 molar ratio of PBAE-
epoxy to PEO-carboxy to allow for reactive blending. Total sample mass for each blend placed
into the melt extruder was approximately 1 gram. Blend samples were generated by continuous
mixing in a high temperature ATLAS laboratory extruder over a period of 15 minutes at 150 °C.
Extruder temperature was then elevated to ~200 °C for a short period before rapid extrusion of the
blend into an ASTM D638 compliant stainless-steel dogbone mold. Dogbone samples were left at
room temperature in closed glass vials for set periods of time between extrusion and subsequent
mechanical analysis. The tensile properties of each dogbone sample was measured with an Instron
Model 5567 Universal Tester, with a 30 kN load cell at a rate of 10 mm/min until sample failure.
An illustration depicting the experimental procedure of this study is illustrated in Figure 4.3.
Differential Scanning Calorimetry and % Crystallinity Methods

Thermal properties for each sample were obtained with a TA Instruments Q-2000

Differential Scanning Calorimeter. Samples consisted of 5 mg of dogbone material that was placed
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Fig. 4.2. Molecular structures of both the homopolymer and oligomer species used in this study

with paired end chain functional groups, PEO (top)/ PBAE (bottom).
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Fig. 4.3. 70/30 PBAE: PEO blend tensile sample generation and analysis via melt mixing and

extrusion, dogbone mold setting, tensile analysis, and calorimetry.
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into hermetically sealed aluminum sample pans and heated at 5 °C/min from -10 to 200 °C. Since
PBAE is an amorphous polymer and the T4 of PEO is ca. -60 °C, the calorimetry scans of each
blend contained only the melt endotherms of the PEO phase.? In order to determine the percent
crystallinity of PEO in the blends, the area of the melt endotherm, AH°*, was divided by the melt
enthalpy of 100% crystalline PEO (AHf°). The equation for % crystallization of PEO in our

samples is shown in Equation 4.1.

obs

A
% Crystallization = A:IQ X 100% Equation 4.1
f

The enthalpy of fusion for a pure crystalline PEO sample was obtained from the literature as a

constant of 197 J/g.1*®

Results and Discussion

Blend Mechanical Properties with Increasing Oligomer Concentration

The initial experiments determined the tensile properties of blends that contain 0.5 to 10
wt% reactive telechelic. The molecular weight (Mw and M) of the telechelics are exactly 3 to 4
kg/mol, and the known entanglement molecular weights of PEO and PBAE are ca. 1600 and 1780
g/mol respectively.1! 120 Entanglement of the blocks formed from the reactive telechelic with each
homopolymer is a crucial process in the effective compatibilization of the blends. Therefore,
employing telechelics of these molecular weights of sufficient entanglement between the
compatibilizer and the homopolymers.**“® Blends were created with oligomers containing reactive
and unreactive end groups to verify the importance of the formation of multi-block copolymers on
the compatibilization process. Figure 4.4 shows the modulus and maximum elongation of blends

containing both reactive and unreactive telechelic oligomers as a function of telechelic loading.
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The modulus of the blends containing unreactive oligomer decreases with increased oligomer
loading while also exhibiting an increase in the blend’s maximum elongation. In comparison the
blends containing reactive telechelics shows an initial increase in modulus at low telechelic loading
(<1 wt%), followed by a decrease. Similarly, the maximum elongation initially decreases at low
telechelic loadings (< 1 wt%) but increases at higher telechelic loadings.

The increase in modulus of the reactive blend at low oligomer loading indicates that the
PEO and PBAE telechelics react to form compatibilizers that stabilize the biphasic interface. This
molecular level strengthening decreases beyond 2 wt%. The increased elongation and decreased
modulus in the unreactive blends and > 2 wt% in the reactive blends can be attributed to the
plasticization of the blend from unreacted oligomer.1* In the reactive blend at higher telechelic
loadings, unreacted oligomers become plasticizers, leading to softening of the blend and decreased
stiffness. These results therefore demonstrate that to minimize the impact of unreacted telechelics,
the desired telechelic concentration is below approximately 2 wt%. These results also demonstrate
the viability of the carboxyl/epoxy end chain reaction as sufficiently fast for use in the reactive
compatibilization of polymer blends. Though the reactive rates are not as rapid as other functional
groups, the copolymer formation under the mixing time is sufficiently fast to improve the
properties of the polymer blend. As demonstrated below, copolymer formation and
compatibilization is only one of several molecular processes that contribute to blend mechanical
properties.
Impact of PEO Crystallinity on Blend Properties

Like any crystalline polymer, the extent of crystallinity in PEO will impact its mechanical
properties. As in most polymers, increasing crystallinity usually correlates to increased modulus

and decreased extension at break. These property variations are similar to those that are expected
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from increased blend compatibilization, and therefore it is important to provide information that
provides insight into the relative importance of reactive compatibilization and PEO crystallinity
on the reported tensile properties. To clarify the relative importance of PEO crystallization on the
mechanical properties, the mechanical properties of the blend samples are correlated to the PEO
crystallinity for blend samples with < 2 wt% oligomer as a function of time after extrusion. The
modulus and elongation as a function of time after extrusion is presented in Figure 4.5.

The moduli of the blends with reactive oligomer are below that of the pure blend for most
of the annealing procedure. However, at the longest annealing time, 96 hours, the moduli of the
blends with reactive oligomer surpass the modulus of the pure blend. At the longest annealing
time, the moduli decrease with telechelic oligomer loading, 0.5 wt% > 1.0 wt% > 2.0 wt %. In
fact, the modulus of the 0.5 wt% telechelic blend is twice that of the unmodified blend. The
decrease in blend stiffness with increasing reactive telechelic is correlated to the plasticization due
to unreacted telechelic. As the reaction between telechelics is minimal at room temperature, this
data demonstrates that another molecular level change, i.e., PEO crystallization, contributes to the
observed increase in mechanical stiffness and is dependent on the amount of telechelic oligomer
in the blend.

PEO Crystalline Changes and Blend Molecular Interactions

At room temperature, PEO is above its Tqof ca. -60 °C, meaning the chains are sufficiently
mobile to crystallize. The rate of crystalline formation is assumed to be enhanced by the
plasticization of the polymer matrix by the telechelic. Therefore, for a given thermal history, the
sample with more excess telechelic should correlate to a sample with more PEO crystallinity. This
increased crystallinity then leads to increased stiffness, observed as an increase in the blend

modulus. This sets up an interesting coupling, where the plasticization by excess telechelic softens
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the material, which may be counterbalanced by increased PEO crystallinity that will make the
material more rigid. Thus, the mechanical improvements driven by increased crystallization, will
compete with the softening due to plasticization, where it appears the plasticization effects
dominate at higher telechelic loading. To more thoroughly quantify these contributions of PEO
crystallization to the tensile properties of the blends, the extent of PEO crystallinity in each blend
was determined as a function of time after extrusion.

The enthalpy of PEO melting in the blends of interest was determined in a series of DSC
experiments. Example calorimetry scans for the 0.5 wt% telechelic blend is shown in Figure 4.6.
The enthalpy of melting of PEO in each blend was then converted to % PEO crystallinity with
Equation 4.1. The percent PEO crystallinity values for each blend studied is plotted as a function
of time after extrusion in Figure 4.7. Every blend, regardless of telechelic concentration, shows an
increase in the amount of crystalline PEO as time after extrusion increases. For blends containing
0 to 1 wt% of telechelic, the PEO crystallization rate is relatively unchanged from that of the pure
blend. The trend, however, does change for the 1 wt% sample, where 96 hours after extrusion, the
crystalline content increases from 4% to ca. 9%. For the samples with 2 wt% telechelic, the rate
of crystallization increases further, where the amount of crystalline PEO is double or triple that of
the pure blend. This rapid increase in crystallinity in the 2 wt% telechelic is consistent with the
plasticization of the blend by unreacted oligomer. Thus, it appears that for this mixing procedure,
unreacted telechelic impacts PEO crystallinity if the telechelic loading is > 1 wt%, but not when
the telechelic loading is less than ~ 1 wt%. Although the analysis shows that PEO crystallinity
changed with time in these polymer blends, it is still not clear whether the compatibilization of the
blend by the reactive processing or the change in PEO crystallinity is the dominant factor in

determining the variation in tensile properties. To determine how these processes compete or
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behave synergistically in the blend, the correlation of blend mechanical properties to the PEO
crystallinity must be clarified. Thus, a plot of the modulus of the blends as a function of PEO
crystallinity, is presented in Figure 4.8.

Figure 4.8 shows that the blend moduli varies with oligomer addition. The pure blend
shows little change in PEO crystallinity and little variation in its modulus. At the highest telechelic
loading, 2 wt%, blends show significant PEO crystallinity (> 7%), but moduli that are about the
same or less than that of the pure blend. We interpret this trend to signify that the plasticizing effect
of excess telechelic dominates the mechanical properties in these samples. If the PEO crystallinity
dominated the mechanical behavior of these samples, the moduli would exceed that of the pure
samples. The 0.5 and 1.0 wt% telechelic blends appear to exhibit a transition, at low PEO
crystallinity a short time after extrusion, where the modulus of these blends is less than that of the
pure blend with similar PEO crystallinity. However, there are samples, at longer time after
extrusion, where the modulus is significantly higher than that of the pure blend with similar %
crystallinity. For these samples, it appears that there is another factor that improves the polymer
moduli, which we ascribe to the compatibilization of the blend by the reactive formation of
copolymeric interfacial modifiers. The fact that these improved properties are only observed in the
samples with 0.5% and 1.0% telechelic is consistent with the interpretation that there is little excess
unreacted telechelic oligomers in the 0.5% and 1.0% telechelic samples (Figure 4.7).

Thus, there are three molecular level processes that must be considered in the successful
reactive compatibilization of crystalline polymer blends, the formation of compatibilizer, PEO
crystallization, and blend plasticization by excess unreacted oligomer. During the blend formation
process, the growth of crystalline domains within the PEO phase leads to a steady increase in blend

modulus. At longer crystallization times, cooperation of PEO crystallinity and compatibilization
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generates a mechanically strong material, potentially forming a blend with a higher modulus than
that of the uncompatibilized pure blend. However, at higher telechelic loadings, between the 1 and
2 Wt% in these studies, the observed mechanical improvements are dominated by the plasticization
of the sample by excess unreacted telechelic oligomer. This transition is documented in Figure 4.8,
where the 2 wt% telechelic sample never attains a modulus that exceeds that of the pure blend,
even with higher PEO crystallinity. Thus, the optimum oligomer composition to realize
strengthening of the compatibilization and crystallization processes but minimize the potential
plasticization of the telechelic oligomer is less than ca. 1 wt%.

Therefore, these results indicate there is a need to understand and balance the molecular
processes that impact the properties of a crystalline polymer blend that is reactively compatibilized
and is crucially dependent on the loading of the telechelic oligomer. To illustrate the complex
interplay between these molecular processes, Figure 4.9 is a diagram that links the relationship
and contribution of each process to the mechanical properties of a reactively compatibilized
crystalline polymer blend. Interestingly, each molecular process appears to impact the blend
properties at different stages of the blend formation process. Plasticization occurs throughout the
blend formation process and acts as both beneficial and antagonistic to blend properties.
Compatibilization, which is dominant during the mixing at elevated temperatures, competes with
plasticization at early times. On the other hand, diffusion of the oligomers to the biphasic interface
is likely enhanced by the lowered matrix viscosity from plasticization. Faster oligomer diffusion
to reaction sites should induce faster rates of copolymer formation. PEO crystallization occurs at
later times in the blend formation process. The % PEO crystallinity is greatly enhanced with
plasticization at higher telechelic loadings, i.e., 2 wt%. Moreover, at these loadings the

plasticization dominates the blend properties over the effects of increased crystallization and
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compatibilization to soften the material. Plasticization occurs in each blend at early times before
the telechelics react, but can be mitigated at longer times if all the telechelic reacts and there is no
excess after reaction. Thus, in designing successful reactive compatibilization of crystalline
polymer blends, identifying an optimal loading of telechelic oligomer is crucial. This target
composition will optimize beneficial compatibilization and crystallization processes and minimize
plasticization. In the crystalline polymer blends studied here, the optimal oligomer loading is
between 0.5 to 1 wt% to create compatibilized polymer blends with optimal properties.
Blend Morphology and Predictive Models

One limitation of these experiments and results is that the blend morphology has not been
clearly identified, as it is known that the mechanical properties of phase separated blends can vary
with morphology. Although the morphology of these samples has not been identified, previous
work by our group suggests that it should form a spherical, isotropic rubbery phase dispersed into
a continuous glassy phase. This conjecture is based on work in our group by Ashcraft et. al., that
examined the morphology of a blend containing 10 wt% polyisoprene and 90 wt% polystyrene
that is compatibilized with multiblock copolymers.!*® Figure 4.10, taken from Ashcraft’s paper,
shows the spherical morphology of the minor phase that is dispersed throughout the continuous
polystyrene phase. Both polyisoprene and PEO have sub-0 °C glass transition temperatures and
are thus rubbery at room temperature, while the polystyrene and PBAE major phase are below
their Ty and thus glassy at room temperature. An important distinction to make concerning the
PEO minor phase is that, based on the results in Figure 4.7, the crystalline domains do not exceed
10 % of the total PEO content. Thus, we expect the minor phase in our blends to be mostly rubbery
with such low crystallinity, but to also vary in modulus as the % crystallinity changes. From the

similar composition between the blends and the distribution of rubbery material within a glassy
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Fig. 4.10. SEM image of a 90:10 wt% Polystyrene/Polyisoprene blend compatibilized with

telechelic oligomers (image from Ashcraft et. al.).!*® Scaling bar of image is 10 pm.
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matrix, we expect that our samples will have a similar spherical blend morphology.

Predictive models exist to correlate the mechanical properties of a polymer mixture to the
mechanical properties of the individual components. The morphology of blends with co-existing
glassy and rubbery phases have been modeled by the Voight and Reuss models, which predict the
composition dependence of mechanical properties of a blend.'?* The Voight or “parallel” model,
(Equation 4.2), models a blend where the dispersed phase, the continuous phase, and the biphasic
interface are parallel to a mechanical load, which equates to the equal deformation of each phase.
As a result, the Voight model represents an upper mechanical property limit. Similarly, the Reuss
or “series” model, (Equation 4.3), assumes the blend domains are arranged in consecutive series
with the biphasic interface transverse to the applied force. Because the mechanical properties of a
series assembly between blend components is dominated by the adhesion of the biphasic interface,

this model sets the lower limit for the mechanical properties of the blend.

E, = @B + (1 — @,)E, Equation 4.2
E, = (‘;’—: + 1;—f)‘1 Equation 4.3
= Equation 4.4

Pr =, q :

In Equations 4.2-4.4, the subscripts of b, r, and g, refer to the blend, the rubbery PEO minor phase,
and the glassy PBAE major phase respectively, while E refers to the Young’s modulus of the blend
and its components and or is the volume fraction of the PEO minor phase within the blend
(Equation 4.4). While the calculation of mechanical property limits with the VVoight/Reuss models
works well to set a predictive distribution of experimental polymer blend behavior, the models
assume that stress is continuous across the biphasic interface and that the exact phase morphology

does not influence the model’s prediction.
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There also exist a number of more complex predictive models that account for the impact
of specific structural characteristics of the blend morphology on mechanical properties.?? 123 For
instance, the Kerner model predicts the mechanical properties of a blend that is macroscopically
isotropic and homogenous with a spherical minor phase morphology.*?* 12° The individual spheres
are assumed to be bonded to the matrix phase with perfect adhesion so that displacement of the
sample is continuous when stress is applied. Minor phase particles are modeled to be randomly
isolated from one another and embedded within individual “shells” of matrix material that are
surrounded by a continuous phase that has the mean properties of the entire blend The original
form of Kerner’s model predicts the composition dependence of the shear modulus (Gy), which
can be adapted to a tensile geometry by the correlation of Young’s modulus (Eb) to shear modulus

(Gb) which requires knowledge of Poisson’s ratio (vp) (Equation 4.5).1%

Ep, =2(1+v,)G, Equation 4.5

When stress is applied to a material, the Poisson effect is the tendency of the material to undergo
an expansion or contraction in the direction orthogonal to the applied force. The ratio of the strain
in the direction of the applied force (eL Or eLongitudinar) t0 the strain perpendicular to this force (et or

Etransverse) 18 known as Poisson’s ratio (Equation 4.6).

vy = — & Equation 4.6

€L

For most polymers, Poisson’s ratio is between 0.25 and 0.35 depending upon the molecular
characteristics of the material. It is heavily influenced by the packing density of the polymer, or
the arrangement of repeat units of the polymer chains. With increasing packing density, Poisson’s
ratio decreases relative to more amorphous materials. For this reason, we speculate that the PEO

minor phase will have a lower Poisson’s ratio compared to that of the PBAE phase, due to the
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PEO’s inherent crystallinity as shown in our results in Figure 4.7. Incorporating the relationship

in Equation 4.5, the proper form of the Kerner model for tensile properties is (Equation 4.7).

Ep _ (1-@r)Eg+B(a—@r)Er
Eq =Y (1+ar)Eg+af(1-r)Er

Equation 4.7

This form of the Kerner model is a simplification that uses the parameters a (Equation 4.8),
(Equation 4.9), and y (Equation 4.10) to combine the dependence of the Young’s modulus on the

Poisson’s ratios of the glassy PBAE phase (vg) and the rubbery PEO phase (vr).

_ 2(4-5vg) A
= =svy) Equation 4.8
B = Uxvg) Equation 4.9
(1+vy) .
_ (1+vp) .
= vy Equation 4.10

Given that we expect our blends examined here to exhibit this morphology, the Kerner model will
probably be the most relevant to these studies. Therefore, the important parameters that we will
need to determine experimentally to use the Kerner model to estimate the composition dependence
of the Young’s modulus of the blend using Equation 4.7 include the Young’s modulus, and

Poisson’s ratio for each component in the blend.

Similarly, the Davies model (Equation 4.11) predicts the properties of co-continuous blend

morphologies and assumes the blend is macroscopically isotropic and homogeneous.?

1 1 1
Eb/5 = Er/5 (or) + Eg/s((pg) Equation 4.11

Amongst the various models that have been used to correlate the structure of blends with co-
continuous morphologies to mechanical properties, the Davies model is the most consistent and

does not have the limitations that persist in other models, such as the percolation limit.1?2
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It is important to note that these models operate under the assumption that stress transfers
between phases of the polymer blend continuously, which is inconsistent with the weak adhesive
behavior between individual phases in uncompatibilized phase separated blends where polymer
chains of the distinct phases do not entangle. For this reason, it is expected that the measured
mechanical properties of the uncompatibilized blends will be lower than those predicted from the
models. Conversely, in the compatibilized samples where interfacial strengthening is achieved via
the formation of multiblock copolymer, the biphasic interface will support stress transfer between
phases, thus the measured mechanical properties will approach the model prediction with increased
compatibilization. Ultimately, although these predictive tools can help build the correlation
between the blend morphology and the resulting mechanical properties, it is still necessary to
obtain additional experimental evidence that supports the models. The most immediate way to
accomplish this goal will be to conduct a series of imaging experiments with transmission electron
microscopy (TEM), scanning electron microscopy (SEM), or atomic force microscopy (AFM).
Previous compatibilization studies conducted by Ashcraft et. al. demonstrated that, with the proper
solvent, the minor phase domains can be removed from a sample via solubilization.*** The empty
spaces left behind can then be imaged via SEM methods to conclusively determine the morphology

of the minor phase as a function of annealing time and compatibilization.

Conclusion
In this series of experiments, we have examined the processes that impact the reactive
compatibilization of a crystalline polymer blend with telechelic oligomers. The results show that
three competing molecular level processes impact the successful reactive compatibilization of the
blend — the interfacial modification of the blend, polymer crystallization and plasticization of the

blend by unreacted oligomer. Reactions of telechelics at the biphasic interface occur rapidly after
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mixing and extrusion, however, oligomers that do not become part of a compatibilizing copolymer
chain at the biphasic interface remain as plasticizers in the blend that lower the Young’s modulus.
Moreover, the PEO in the blends crystallizes, a process that is accelerated in plasticized samples.
The complex relationship between the molecular level processes of PEO crystallization, blend
compatibilization, and plasticization was then fully elucidated by correlating the extent of PEO
crystallinity to the modulus of the samples to identify those samples that exhibit enhanced moduli
for a given extent of PEO crystallinity, which is ascribed to reactive compatibilization. Similarly,
those samples that exhibited lower moduli for a given PEO crystallinity are attributed to the
plasticization of the sample by unreacted oligomer.

Therefore, to obtain the optimum blend properties, a target oligomer composition is needed
to maintain the desired balance of these molecular processes. The results of this study indicate that
the target concentration of telechelic oligomers to effectively reactively compatibilize a crystalline
polymer blend is between 0.5 and 1 wt%. Above oligomer concentrations of 0.5 to 1 wt%, a weak
material with poor mechanical properties is generated by the plasticization of unreacted telechelic
oligomers. These studies also show that the reaction of carboxylic acid and epoxy telechelic end
groups is sufficiently rapid to form copolymer within the time of melt mixing, and was shown to
be sufficiently fast to compatibilize the blend and improve the blend mechanical properties.

These studies therefore provide important fundamental information that is needed to design
effective reactive compatibilization of crystalline polymer blends. With this foundation, a broad
range of crystalline polymer blends can be rationally compatibilized by this reactive
compatibilization scheme and processed to attain targeted mechanical capabilities both industrially

and via recycling.
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Chapter 5. Conclusions and Future Work
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Conclusions

The accumulation of work in this dissertation has led to a number of important
developments in both the additive manufacturing and polymer compatibilization fields. Analysis
of various multi-amine solutions applied in situ to the interlayer interface of an FFF print
demonstrated various improvements to print isotropy and overall mechanical integrity. By
analyzing chemical crosslinker Kinetics changes based on print thermal history and amine
concentration, it was shown qualitatively that the reactivity of the amine material is not the primary
factor influencing the increase in print mechanical strength but rather the overall presence of
aromaticity within the molecular structure. Continuing the trend of FFF analysis, the effects on
print irreversible thermal strain from the addition of nanoscale additives to the filament was
investigated. Results indicate that, although nanoscale additives change the amount of irreversible
thermal strain released, the most accurate measurement of these strain effects can only be obtained
once the contributions of the changing interfilament void space are removed. With a more accurate
estimation of irreversible thermal strain, the combination of these results with calorimetry
experimentation demonstrates that the strain within a printed object is most heavily influenced by
changes in the filament viscosity, molecular confinements, bead chain alignments, and
plasticization effects generated by an additive’s specific molecular properties. Lastly, our foray
into the compatibilization of crystalline polymer blends with telechelic oligomers revealed an
important interplay relationship of three molecular level processes and how they are directly
influenced by the oligomer concentration. By utilizing a target additive composition, the
detrimental effects of oligomer plasticization can be minimized while maximizing the inherent
mechanical performance of the blends by a synergistic relationship between the blend crystallinity

and the compatibilization of the biphasic interface.
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Multi-amine additives and Interfilament FFF Crosslink Reactions

Our results document a method to generate interlayer covalent bonds in FFF-based additive
manufacturing printing. Multi-amines placed at different solution concentrations between the
layers of an ABS sample during filament deposition produced interlayer connections that greatly
improve the interlayer fracture energy. This strengthening of the interlayer interface is attributed
to amine reactions with oxidation-produced functional groups present on the polybutadiene
portions of ABS filament during the printing process. The amount of interface strengthening was
then correlated to the relative reactivity between each multi-amine and oxidized polybutadiene as
determined by infrared analysis. This measured correlation demonstrated that the interlayer
crosslink reactions have the fastest reaction rates at higher temperatures and thereby occur
immediately after filament deposition. In addition, further analysis revealed that amine reactivity
is not the principal factor governing the interlayer interface strength. On the contrary, it was the
presence of aromatic or cyclic structures within the crosslinker that appear to have the most impact
when generating more robust print interfaces. It was also shown that with higher loadings of
crosslinker, there is a marked increase in the interlayer fracture energy. Cumulatively, these
experiments and results provide a baseline to expanding this crosslinking method to several

additive manufacturing materials and processes.

FFF Strain (&) Variations with Nanoscale Additives
Experiments with nanoscale additives and their effects on the irreversible thermal strain (&)
in FFF objects was successfully carried out by measuring the release of this strain with the

annealing of printed PLA samples. Monoliths printed from PLA filaments that contain graphene

or LMW 3-arm PLA additives had consistently higher irreversible thermal strain values compared
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to unmodified PLA subjects. Irreversible thermal strain results measured herein are a combination
of changes to the both the print’s interfilament void spaces and the overall filament uniaxial
dimensions. By removing the input of changing void space from the macroscopic measurements,
a more accurate and quantified change in filament structure with annealing was presented.
Evaluation of the corrected strain release value (&.*) demonstrated that the presence of LMW PLA
within the filament generates higher amounts of strain, while the addition of graphene material to
the filament keeps irreversible thermal strain to a level consistent with unmodified PLA.
Calorimetry experimentation and analysis of each monolith type resulted in an observation of
complex filament glass transition behavior with multiple transition steps and a large endotherm. A
method of bridging the measured dimensional changes to the molecular level chain relaxation
within the filament beads was thereby achieved. Our interpretation of these results elucidates that
the use of graphene within PLA leads to slower chain dynamics and relaxation, which thereby
increases the required thermal energy to transition the filament between glass and rubbery states
and subsequently induce irreversible thermal strain developed throughout the print process. The
addition of LMW PLA to the filament, however, generates lower material viscosity and may lead
to an increase in filament chain alignment, which then produces an increased amount of
irreversible thermal strain within the monolith. Overall, our experimental results show that
nanoscale additives within PLA filament will alter the degree of irreversible thermal strain present
in an object printed by FFF. A more homogeneous filament thermal history and increased
molecular confinements is achieved from addition of the bulky two-dimensional graphene sheets
that minimize residual strain buildup as a whole. A method to incorporate nanoscale additives
while factoring in the complex connections between filament viscosity, thermal conductivity, and

the observed irreversible thermal strain was achieved in this study, and ultimately provides further
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scientific understanding that will progress additive manufacturing as a large-scale production

technology.

Crystalline Polymer Blend Compatibilization

In our compatibilization experiments, we have determined the various molecular processes
and their relationships that influence the reactive compatibilization of a crystalline polymer blend
with telechelic oligomers. Cumulatively, the results specify and demonstrate the presence of three
competing molecular level interactions that impact a completed blend compatibilization. These
molecular processes include the polymer crystallization, plasticization via excess unreacted
oligomer, and modifications to the blend’s biphasic interface. Telechelic reactions at the biphasic
interface quickly occur throughout the high temperature melt and extrusion phase. However,
oligomers that do not become integrated into a compatibilizing copolymer chain via the reactive
processes remain as plasticizers that decrease the Young’s modulus of the blend. In addition, the
PEO phase of the blend crystallizes with time, which can then be accelerated by samples with
sufficient amounts of the plasticizing oligomer. The complex interplay of these blend dynamics
was then better understood when the degree of PEO crystallinity in the blend was correlated to the
blend modulus to determine samples with increased mechanical performance with a set amount of
PEO crystallinity that is then attributed to the reactive compatibilization. Conversely, samples with
lower moduli values at set PEO crystallinity were theorized to be weakened by plasticization from
the unreacted oligomers.

In order to achieve optimum blend properties, a target oligomer concentration should be
used to directly influence the necessary balance of the three competing molecular interactions. Our
experimental results demonstrate that this target telechelic composition is between 0.5 to 1wt%
when reactively compatibilizing a crystalline polymer blend. When this target composition is
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surpassed, the polymer blend is weakened by plasticization effects from the unreacted excess
oligomers. This study also demonstrates that the utilization of telechelics with carboxylic acid and
epoxy end chain functionalities is sufficiently reactive with high enough reaction rates to form
copolymer to improve blend mechanical properties and stabilize the biphasic interface within the
relatively short time frame of melting and extrusion. These cumulative results provide foundational
information that can be used to design competent reactive compatibilization schemes for
crystalline polymer blends. A wide array of different crystalline blends now have the potential to
be compatibilized via the logical steps generated from this baseline study to achieve tailor-made
mechanical properties in both industry and recycling environments.

Summary

The initial overarching goal of this research has been to develop a molecular level
understanding of the mechanisms and dynamics that produce two of FFF’s biggest weaknesses
that limit the method’s full manufacturing potential. This process began with an investigation of
print anisotropy, and the capabilities of multi-functional reactive additives to elicit an improved
mechanical change as a result of interlayer covalent crosslinks that were generated by the complex,
fluctuating thermal environment within a printer. With the success of these experiments from the
addition of multi-amine crosslinkers, the research shifted focus towards understanding the
complex factors associated with a print’s irreversible thermal strain and how these can be
influenced by the addition of nanoscale additives. Cumulative results indicated that nanoscale
additives change the amount of irreversible thermal strain released from a print and that the
magnitude of said strain is changed by modifying various molecular level factors of the filament.
These filament characteristics include the viscosity and, theoretically, the overall amount of chain

alignment that is generated within a filament bead during the deposition process. As a result of
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these successful experimental endeavors, the complex changes in print anisotropy and irreversible
thermal strain are made much clearer and have been provided with potential chemical interventions

to limit their contribution to a print’s thermomechanical validity.

Once these AM-based studies were concluded, and in the hopes of improving the efficiency
with which the complex stream of waste polymers can be recycled from municipal sources, the
next scientific task was to further our understanding of in situ reactive compatibilization of
crystalline polymer blends with the use of telechelic oligomers. To this end, our experiments
determined a complex molecular relationship between blend compatibilization, plasticization from
unreacted oligomers, and crystallization of the PEO phase during processing. In order to bypass
the blend weakening effects of plasticization while benefiting from compatibilization and
crystallization, a target oligomer composition is needed when the additives are placed into the
crystalline polymer blend. This optimal telechelic concentration, which we determined to be
between 0.5 to 1 weight percent of the blend’s composition, is crucial for future polymer recycling

efforts as they are explored further in both industry and the recycling sectors.

Future Work

Our experiments and results presented above illustrate the potential for various nanoscale
additives to improve 3D printing and polymer recycling at the molecular level via changes to
polymer dynamics and interpolymer chemical reactions. Although the results have helped to
illuminate very specific weaknesses within these methods, further experimentation can be used to
improve these polymer systems. We will briefly discuss these potential studies for future reference

below.
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Interlayer Crosslinker Reactions with Various Filament Backbones Functionalities

It has been demonstrated in our experiments that, by placing multi-amine additives between
the individual layers of a printed structure, the mechanical anisotropy of an FFF object can be
reduced by chemical means. Our results have also determined that these reactions are the most
viable when the thermal energy of the printed layer is at the highest point, immediately after
deposition, and only by reacting with functional groups present on the backbone of the oxidized
polybutadiene component of ABS filament. FFF is not limited solely to ABS materials, however,
and there is a wide array of polymer filaments with unique chemical functionalities that are present
in the repeating chain units. With these different functionalities comes the potential for additional
interlayer crosslink reactions that could feasibly be produced under the conditions of an FFF print.
Filaments such as nylon and PLA contain both amide and ester functionalities in each monomer
segment, which would make both of these polymers ideal candidates for further interlayer reaction

experiments.

In addition to analysis of different filament types, it would also be beneficial to investigate
the direct influence of print parameters on the rate of these crosslink reactions. In the qualitative
analysis of the crosslinker Kinetics, it was determined that higher ambient print temperatures
following filament deposition leads to faster reaction rates. The available thermal energy for the
reaction also depends upon the continuous flow of heat via conduction with the heated bed surface
which, if set to higher temperatures, may impact the rate at which the crosslinker formation occurs.
Therefore, a series of experiments utilizing amines similar to DADPM with oxidized ABS filament
at different nozzle and bed temperatures should elucidate how the reaction rate and any subsequent
changes in mechanical performance are influenced from an increase in the available thermal

energy.
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Chain Alignment Effects on Interfilament Entanglement and Strain (&)

As discussed in our study of nanoscale additives in PLA filament, we interpret the data to
indicate that the amount of irreversible thermal strain that is generated within a print can be directly
influenced by the additive’s ability to induce additional chain alignments on the outer portion of
the filament bead. To narrow this research focus and provide empirical evidence to support this
claim, a series of small angle neutron scattering (SANS) experiments have begun as a collaboration
between the National Institute of Standards and Technology and our research group. Preliminary
results have been completed utilizing various polymethylmethacrylate (PMMA) and deuterated
PMMA filament compositions, and ultimately an anisotropic scattering pattern was observed for
each printed sample. This pattern is consistent with polymer chains aligned within a printed
filament bead. Overall, the results indicate that SANS is a useful and innovative way to measure
polymer chain alignment within FFF samples. Since these preliminary results were compiled, we
have generated a new set of similar FFF monolith samples for experimentation. This new set of
neutron scattering experiments will be used to measure how the interfilament chain alignment is
changed when the sample material is annealed under similar conditions to our original irreversible
thermal strain study. We also project that this experimental process will be the beginning of a much
broader, more comprehensive study that will correlate the various printing parameters (i.e., nozzle
temperature, print bed temperature, layer thickness, etc.) to the extent of molecular alignment

within printed objects.

Dual Crystalline Polymer Blends and Reactive Compatibilization

The analysis and results in our PEO:PBAE experiments demonstrate that reactive
compatibilization and mechanical improvements are possible for a mixed morphology polymer

blend with both amorphous and crystalline phases. Although our findings on the molecular
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interplay of plasticization, crystallization, and compatibilization as it is influenced by the specific
telechelic concentration is important for the recycling of waste stream polymers, there is still one
specific blend type that is unavoidable if all polymer materials are to become truly recyclable by
reactive compatibilization methods. The polymer dynamics of blends that consist of two crystalline
materials is still a massive research endeavor that is being investigated by polymer science today.
Perhaps the most prominent example of this blending experimentation is the combination of
polypropylene and polyethylene, which constitute an enormous portion of the polymer material
that is found in municipal waste. For this reason, the study of reactive compatibilization to form
multiblock copolymers with in-situ telechelic oligomers should be expanded into blends made
from pairs of crystalline polymers to study how the original molecular dynamics and relationships

discussed in this dissertation are changed under these conditions.
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