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ABSTRACT

The development of additive manufacturing technologies has been under the spotlight from
the past decade due to its enormous potential to disrupt current manufacturing processes. Material
extrusion 3D printing (ME3DP) is the most common type of additive manufacturing technology
as it experienced an exponential growth after the expiration of the fused deposition modeling
patent filed in 1989 by Scott Crump. The large interest behind this technology is generated from
the capacity to create complex shapes, rapid prototyping, relatively ease of use, low cost, and high
accessibility. The gradual evolution of material extrusion 3D printing calls to become a technology
ordinarily used for rapid prototyping into a rapid manufacturing technology where ready to market
functional products are created in a fully automated fashion.

Materials development is an important aspect for the evolution of ME3DP as the
introduction of new materials with a varied array of physical qualities would expand the
applicability of this technology into more fields. The goal of this work is to introduce new ME3DP
materials with tailored physical qualities along processing parameters and material
characterization. The studies covered in this dissertation entail the creation of a polymer blend
based on acrylonitrile butadiene styrene and an elastomer, an introduction of a new type of in situ
fiber reinforcement for different polymers, and phase characterization of the polymer blend

through scanning transmission electron microscope.
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CHAPTER 1: INTRODUCTION
1.1 Statement of the Problem

Additive manufacturing (AM) by fused deposition modeling (FDM) or material extrusion
3D printing (ME3DP) is a technology that employs a hot nozzle to deposit material in a layer by
layer manner following a series of raster patterns taken from a computer aided design (CAD) until
a 3D object is created. Some of the well-known advantages of AM by ME3DP are 1) the ability to
create complex shape objects that are not possible to achieve by other manufacturing mean; 2)
rapid prototyping/tooling without recurring to molds, fixtures or cutting tools; 3) ease of product
customization; 4) sustainability, with the reduction of material waste; and 5) cost of ME3DP is
sometimes lower than other AM technologies.

ME3DRP is a disruptive technology that could revolutionize the manufacturing industry.
ME3DP has the potential to fabricate products/parts in a fully automated fashion that may possibly
change business models by shrinking supply chains, shifting manufacture sites, and labor practices.
While there are significant advantages of using ME3DP technologies over common manufacturing
methods, there are still limiting factors that impede mass scale adoption. One of the major
constrains on ME3DP technologies is the limited amount of materials available. ME3DP mostly
relies on the use of thermoplastics like acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA) and polycarbonate (PC). These thermoplastics are known to have high molecular weight
and experience rapid chain weakening when temperatures close to their glass transition
temperatures are applied yielding a viscous phase that can be extruded and solidified upon cooling
[1], this material characteristic enables fusion between layers which is fundamental for ME3DP
technologies. The dependence on thermoplastics in ME3DP limits the use of this technology to

applications where different material properties are needed. Hence creating materials with a wide



range of physical properties is crucial for the development of this technology. An expansion in
material availability would help reach a larger spectrum of applications that could be benefited
from ME3DP.

The goal of this work is to develop and characterize new materials for ME3DP technologies
with diverse physical properties from what is currently available in the market through the creation
of novel polymer blends and composites. Characterization of the new blends and composites is of
vital importance to interpret and adjust processing parameters to enhance print quality, and provide
an estimate value of the final physical properties of the printed part. In an effort to further develop
ME3DP through materials development this work will present different novel materials that will

expand the material range currently available.
1.2 Literature Review

1.2.1 Additive Manufacturing: Advantages, Goals and its Current Needs

Additive manufacturing (AM) or three-dimensional printing (3D printing) is receiving a
great ordeal of attention over the past years. Worldwide revenue of AM expanded from 1.7 billion
in 2011 to 5.165 billion in 2016 for all related AM products and services [2]. The research
community experienced an exponential growth in the amount of articles published related to AM
since 2012 where it went from publishing 1,600 articles in 2011 to 16,000 on 2012 [3]. The interest
from the public and private sector on AM is imminent with budget increments for research and
development (R&D) aimed at this technology. In 2012 President Obama in his State of the Union
address, stated that AM could “revolutionize the way we make almost everything”. America
Makes is a billion-dollar initiative to strengthen U.S. manufacturing and competitiveness, its
mission is to accelerate the development of AM technologies. This initiative is a private and public

partnership with organizations ranging from academia, government agencies and private industries



[4]. Most of the current development efforts in AM are focused on design, process variability,
reducing build time, improving mechanical properties, increasing the amount of materials
available, multi-material printing, one step approach manufacturing, and sustainability.

The process of additive manufacturing consists in a bottom-up creation of an object by
depositing material layer upon layer following three dimensional digital models [5]. The reason
behind this technology is in the spotlight of pioneering industries like the medical, automotive,
and aerospace industries is because it could bring major changes to the current design and
manufacturing processes. One of the key advantages of AM is the proficiency to create complex
shapes that were impossible to fabricate by current manufacturing methods which expands design
capabilities for product development. This could potentially reduce manufacturing costs and
improve the quality and efficiency of products. Another desirable quality of AM is rapid
prototyping, which reduces product development time by eliminating the creation of molds (for
parts with complex shapes) which in some cases are time consuming and expensive. Another
advantage of this technology is the ability of customization by being able to modify parts more
quickly than with conventional manufacturing methods which enables to move from mass
production to mass customization [6]. It has also been considered that AM might change the
configuration of global and local supply chains by reducing inventories with the ability to
reproduce an infinity of different parts quickly using this technology [6]. These are just some
examples on how AM can be more suitable over conventional manufacturing and as the AM
development continues new applications will surface.

There are different AM technologies available today that share the same principle of
creating an object in a layer by layer manner, some of the most common ones are:

stereolithography (SLA) which works by curing a polymer resin with ultraviolet light; binder



jetting as its name indicates works by applying a binder into an either metal, polymer, ceramic or
composite powder to bind particles together, in some cases are later followed by another process
to remove binding agents or improve mechanical properties (e.g. annealing); powder bed fusion
technologies like selective laser sintering (SLS), selective laser melting (SLM), and electron beam
melting which share the same principle of fusing metal powders with either a laser or by an electron
beam (SLS can also be used with thermoplastics; because its sintering nature); and the subject of
this study, material extrusion 3D printing (ME3DP), this type of AM extrudes molten material
(usually a thermoplastic) into a bed depositing in different directions to create an object.

ME3DRP is the most common type of AM technology because of its highly accessibility as
there is a wide variety of printers available in the market, from desktop size/home printers to high
end and big area additive manufacturing (BAAM). This type of AM technology is known from
building simple items in a household or hobbyist setting to really complex shape objects, rapid
tooling/prototyping, and actual parts used in aerospace and other specialized industries [7]. The
high accessibility and relatively simple mechanisms of ME3DP devices makes them suitable tools
for the development of remote places (e.g. rural areas, spaceships, etc.) where the production of
items in an as needed basis can be truly beneficial. As a result of ME3DP being the most
widespread type of AM technology, more people can be benefited from its development. In the

upcoming chapters an effort to develop this technology will be introduced.

1.2.2 Material Extrusion 3D Printing

ME3DP is an AM technique that was first introduced by Scott Crump in 1989. Crump
patented the technology under the name of “Fused Deposition Modeling” (FDM). This AM
technique as it names indicates works by selectively extruding molten material into a heated bed

following a series of movements that have been previously designated from a digital object. A



schematic representation of the ME3DP process is presented on Figure 1.1. The process starts from
a computer aided design (CAD) saved as a stereolithography (.STL) file format which is put
through a slicing software that separates the 3D design into a series of raster patterns and printing
parameters that can be interpreted by the 3D printer. The sliced file is then sent to the printer in
the form of a G-code which is a numerical control programing language that is interpreted by the
3D printer to identify movements, temperature settings, and other processing parameters which
leads to the layer by layer creation of a physical object. There was a constant increment on ME3DP
development after the FDM patent own by Stratasys Inc. expired in 2009 were many startup
companies benefited and made ME3DP printers available to a broader audience by reducing prices

of systems and materials.
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The main material type used in ME3DP are thermoplastics, but other materials like binding
ceramics, and particularly the use of waxes is gaining popularity in this field due to the ability to
reproduce molds in a short period of time for metal casting [8]. Acrylonitrile butadiene styrene
(ABS) and polylactic acid (PLA) are the most common materials used in ME3DP. These
thermoplastics have relatively low glass transition temperature (Tg), medium to high melt flow
rate (MFR) and a small tendency to shrink upon cooling which are desirable qualities for ME3DP
materials. There are other thermoplastics available like polycarbonate (PC), polyamides
(NYLON), high temperature resistant polymers like ULTEM and other engineering polymers that

are used in more specialized applications. The use of these type of engineering materials in ME3DP



require a higher degree of attention when processing due to their higher Tg and shrink warpage
tendencies [9, 10].

At the moment most ME3DP applications rely in rapid prototyping and tooling, but it is
progressively being introduced to new applications in a diverse number of fields to produce fully
AM goods ready to market [4]. Some of the advantages of ME3DP over other AM technologies
are the low maintenance and material cost, compact size units, relatively low temperature of
operation, and resolutions of £0.1 mm tolerance [11]. AM technologies like ME3DP are already
reducing costs and facilitating the creation of better products [3, 12, 13], thus further development
of this technology would bring major savings and technology advancement. The research
community on ME3DP currently works on diminishing some of the common technology
drawbacks like surface finish, dimensional accuracy, anisotropy, prolonged build time, material
availability and introduction of novel concepts within ME3DP [14-59].

In order for more industries to adopt ME3DP over standard manufacturing methods, quality
products must be produced at high production rates with low manufacturing cost and shorter lead
times. ME3DP processing conditions affect build time and quality of the printed part, thus
identification of crucial processing parameters affecting each quality is important for optimization.
Figure 1.2 represents a schematic representation of the process of ME3DP along with parameters

that influence quality and build time of the printed part.
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From Figure 1.2 part build orientation relates to the direction at which the object was built
which influences the mechanical properties of the ME3DP processed part. Figure 1.3 is a graphical
representation of the different build directions that can take place during printing. Other important
processing parameters are model build temperature which ensures proper interlayer adhesion
between raster pattern and layers; envelope temperature which helps prevent creeping and stress
concentration; layer thickness a process parameter that is determined during slicing (software) and
is important for surface quality; raster width is determined by the nozzle diameter; air gap refers
to the empty space between rasters in a layer as it is graphically represented in Figure 1.4 among

other parameters.
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Figure 1. 4 Air gap, contour width, raster width, raster angle [14]

1.3 Drawbacks in ME3DP and current research efforts

In order to expand the applicability of ME3DP through material development it is
important to understand common drawbacks within the technology. In this part of the study,
common factors that limit main stream adoption of ME3DP will be introduced as well as the efforts
from the research community to diminish them.
1.3.1 Surface Roughness

The deposition nature in a layer by layer fashion of ME3DP creates an undesired quality
called “staircase effect”, which is represented in Figure 1.5. From a geometrical perspective is

apparent that diminishing layer thickness would decrease this effect. Surface roughness main
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contributor is layer thickness, but it is not limited to this processing parameter, other parameters
like air gaps between rasters, deposition speed, and raster angle also influence surface quality [16].
Lowering layer thickness improves surface quality and at the same time increases the amount of
layers needed to complete the 3D object increasing total build time. There are conflicting
parameters within ME3DP processes that make optimization a complex subject, this type of
dependency is unlikely to be resolved without major technological advancement in the field. There
are models and studies available in literature relating the optimization of ME3DP processing
parameters for surface finish improvement [14, 16-22]. While some researchers use known
optimization methods like the Taguchi or Analysis of Variation (ANOVA) to optimize parameters
for better surface resolution [16-17] others focus in optimization methods using ‘real coded genetic

algorithm’ [19-20] and or post processing of the printed part [20 -22].

T Fabrication direction
{3

Figure 1. 5 Staircase Effect a) Actual 3D object b) Staircase Effect due to AM c) Geometry of
stair-stepping effect by Ahn et al [18]

Anitha et al [16] studied the effects of three processing parameters (layer thickness, road
width and speed) in surface quality by using three different methods, the Taguchi technique, signal
to noise ratio (S/N) and the ANOVA analysis. Anitha found layer thickness as the main contributor
to surface roughness with a 51.7% (to 99%) level of significance and following factors road width

and speed of deposition with 15.57 and 15.83% level of significance (to 99%), respectively.
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Nancharraiah et al [17] realized a similar study as Anitha, using the Taguchi and ANOVA
techniques with different processing parameters: layer thickness, road width, raster angle and air
gap. Nancharraiah concluded that surface quality can be improved lowering layer thickness and
air gap dimensions. Ahn et al [18] explored surface roughness prediction by using 3 main factors
layer thickness, surface angle and profile angle. In this study Ahn formulated Equation 1.1 which
can be expressed as an average surface roughness from the geometric relations from Figure 1.5c.
Where A,w, and L represent step area, step width and layer thickness, respectively.

Equation 1. 1 [18]

(0° < 6 < 180°)

Ahn was able to recreate a model that successfully predicted surface roughness from
theoretical and experimental data. Figure 1.6 shows the visualized result of a digital object which
was formed by twisting at an interval angle of 3 degrees from 0° to 180°. The results of this CAD

model validated their predicament with the error of prediction being less than 1 um [18].
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Figure 1. 6 CAD model of Surface Roughness prediction [18]

In an effort to improve surface quality without compromising build time, Thrimurthulu et
al [19] used real coded genetic algorithm to create a model that predicted optimum part orientation
to improve surface finish. The authors were able to validate their system by using their model
simultaneously with an adaptive slicing scheme on two case studies presented in the study,
according to the authors any complex geometry can be used in this system.

Post processing methods have also been explored to improve surface quality. Pandey et al
[20] introduced a system were a hot cutter machining (HMC) was used to improve surface finish.
The HMC is a mechanism that employs a hot cutter with straight edge enhanced the surface finish
of a ME3DP part up to 0.5um Ra value. Pandey et al mentions the future work of this article will
be to implement the HMC simultaneously during printing [20], as of now the creation of this device
has not been documented but more work on the hybrid system can be found in an article published
on 2006 relating to computer models of the ME3DP and HMC hybrid system [21]. Gantucci et al
[22] conducted a study were they employed a two phase methodology to improve surface finish.

In the first phase they optimized parameters to improve surface finish based on previous studies
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controlling nozzle size, raster width and layer thickness. After optimizing parameters, the second
phase consisted in a chemical finish where the 3D object was placed on a chemical bath consisting
of 90% dimethylketone and 10% water for 300 seconds. The results were very satisfactory, the
surface finish after the optimization and chemical bath was greatly improved and it only had a 1%
shrinkage from the original prototype after post-processing. Garg et al [23] studied the effect of
cold vapor treatment on ABS P430 with parts printed at various orientations (0°, 15°, 30°, 45°,
60°, 75, 90°). The cold vapor used in this experiment consisted of acetone, the best results were
obtained on the 90° print orientation were the reduction of surface roughness was as low as 0.02
pm.
1.3.2 Dimensional Accuracy

Between the research goals of ME3DP dimensional accuracy remains among the most
important, because it is considered a key factor in quality assessment controls for a wide range of
industrial applications [24]. Specialized industries like medical, automotive, and aerospace require
higher quality fabricated parts that mandate precise dimensional accuracy. Dimensional accuracy
is essential to ensure dimensional stability and repeatability, which are vital concepts in current
manufacturing practices [25]. As it is the case with surface roughness, dimensional accuracy
depends greatly on the selected processing parameters. Processing parameters influencing
dimensional accuracy include layer thickness, build orientation, air gap, raster angle, raster and
width. The conflicting parameters in ME3DP and the diverse behavior of different ME3DP
materials adds to the complexity of parameter optimization for dimensional accuracy
improvement. Mohamed et al [25] unhappy with the limitations of previous studies relating
dimensional accuracy, developed a method that can improve dimensional accuracy more

effectively and accurate. The model consisted in a methodology based on computer-generated
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optimal design using l-optimality criterion. This type of model is able to solve optimization
problems involving a large number of ME3DP parameters along levels with constraints (irregular
experimentation matrix) [25]. The difference between this study and other studies, is the ability to
consider a larger amount of parameters with all possible levels of influence, as well as the
consideration of “number of contours” a parameter that was not considered in previous studies [17,
26 — 28]. The major findings in this study were that by increasing raster angle from 0° to 90°,
reduced the percentage change in length as the other parameters were increased (layer thickness,
air gap, road width, and number of contours). A similar trend was observed in the change of width,
were the percentage change in width of the part decreased linearly with the decrease of the before
mentioned parameters. Where a decrease in percentage width was experienced after change of
raster angle from 0° to 90°. Increasing the number of contours alongside layer thickness, increased
the width percentage change but it was reduced by increasing air gap raster angle, built orientation
and road width. The overall results obtained from the verification of the experiments show
accuracies of +0.02mm in length, +0.004 mm in width and +0.007 in thickness can be obtain using
the developed models and that the best parameters settings to achieve the best dimensional
accuracy for a Fortus 400 (Stratasys, MN, USA) using PC-ABS is a layer thickness of 0.127 mm;
air gap of 0.342 mm; raster angle of 88.918°, build orientation of 89.122°, road width of 0.462
mm, and 1 contour. After all the method presented in this paper proposed an adequate ME3DP
process parameter optimization that can be applied to other systems with a large number of

processing parameters.

1.3.3 Build Time
One of the process limitations of ME3DP is the lengthy build time compared to some

current manufacturing technologies. For example, it would take several minutes to printa one inch
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cube using ME3DP while injection molding can process several cubes per minute. This constraint
comes directly by the nature of the ME3DP process where speed deposition is limited by the fusing
time of layers/rasters, surface quality, and dimensional accuracy. A significant change of build
time for ME3DP technologies that compete with current mass production methods are not likely
to occur without major technological advances. Studies available in literature on ME3DP mostly
focus on parameter optimization and build orientation [19, 29, 30] to reduce build time with the
existing technology available. Thrimurthulu [19] identified the conflicting parameters between
layer thickness and part deposition time, where usually one of the two qualities has to be
compromised to improve the other. Therefore, through real coded genetic algorithm and the
optimization of parameters created a model that provides optimum part deposition orientation to
improve surface quality and decrease build time at an equilibrium point. The capabilities of this
system were validated on two case studies, one an axisymmetric part and a typical 3D. Figure 1.7
is the graphical output obtained for the axisymmetric part optimum part deposition orientation,
where Figure 1.7a represents part deposition for best surface quality and Figure 1.7b represents
the best part orientation for minimum build time. The minimization of both qualities in this study
relies in averaging the impact of build time vs surface quality. Although this study does not solve
completely the issue of conflicting parameters, surface quality vs build time, it provides a fair
estimate to minimize the impact between them through optimum part deposition and parameter

optimization.
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Figure 1. 7 Graphical output from developed system of optimum part deposition [19]

Kumar et al [29] studied the relationship between processing parameters layer thickness,
raster angle, orientation, contour width, and raster width with relationship to build time and support
material volume. For this study a 2° full factorial design of experiments methodology was
employed. A total of 32 experiments were carried out and analyzed using ANOVA which
discovered that besides layer thickness, part build orientation had the highest impact on build time
and support material volume. Nancharaiah [30] used design of experiments (DOE) to optimize
ME3DP processing time. The study was based on three processing parameters: layer thickness, air
gap, and raster angle. Through ANOVA the study concluded that layer thickness contributes
66.57% on processing time at 99% confidence level, air gap contributes 30.77% at 95%
significance.

1.3.4 Anisotropy
The deposition orientation in ME3DP is known to influence the final mechanical properties

of a printed part. This directional dependency or anisotropy is a common issue in additive
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manufacturing technologies. Mechanical properties of printed parts are important in the area of
rapid prototyping, as prototypes must have adequate mechanical reliability for tooling and
demonstration purposes. This characteristic is especially important for ME3DP produced end
products/parts, where they must have similar mechanical properties as those produced using
traditional manufacturing in order to withstand in-service loadings and operation requirements
[31]. Unlike other anisotropic materials like wood, ME3DP anisotropic properties are not
influenced solely by the building material, the effect depends mostly on the direction of the
building layers and adhesion between them. Most studies found in literature deal with processing
parameter optimization and build orientation to reduce anisotropic properties [32 — 35]. An early
study of anisotropy in ME3DP by Es-said et al [32] based their article in comparing 5 different
raster pattern orientations to examine their behavior under tensile strength, modulus of rupture,
and impact resistance. The material used for this study was ABS and Figure 1.8 represents the
schematic representation of the 5 raster patterns used in this study along with their respective
tensile test rupture geometry. The 0° raster pattern recorded the highest values on every test. The
ultimate tensile strength data recorded for the 0° raster pattern direction, had a higher value of
almost three times if compared to the lowest, the 45° direction, and 30% higher than the second
highest the 45° and 0° direction. This results show the effect of direction in final mechanical
properties. Similar results were seen among the rest of the mechanical tests, which made Es-said

et al conclude the high importance of pattern direction on mechanical properties.
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(a) 0° (b) 90° (c) 45°

(d) 45/-45° {e) 45/0°

Figure 1. 8 Schematic representation of raster pattern along with rupture geometry for the 5
systems in tensile testing [32]

An interesting study by Ahn et al [33] displays the comparison between ME3DP specimens
and injection molded specimens both made with the same grade of ABS. In this study Ahn et al
used a DOE approach to examine the effects of process parameters such as raster orientation, air
gap, raster width, color, and model temperature on the mechanical properties of the printed
specimens under tension and compression. After process optimization Ahn et al [33] found
superior mechanical properties on specimens printed with an - 0.003 inch overlap, these specimens
reported a 65 to 72 percent of strength compared to injection molded specimens in tensile strength,
and 80 to 90 percent on compressive strength. Five different build orientations for the tensile
strength test specimens were selected for this study: 0°, 45°/-45°, 0°/90°, and 90°. The pattern with
the 0° build orientation recorded the highest strength with 18.72 MPa which represents 72% of the
total strength of the injection molded parts. For the compression testing only two different build
orientations were compared: 45°/-45°, and 0°/90°, both recorded similar compressive strengths to

which the authors concluded that build orientation has a lesser impact during compressive forces.
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Bellini et al [34] interpreted that the internal architecture of a part fabricated using ME3DP
is not significantly different from a fiber reinforced composite structure. This analogy allowed the
use of analytical tools developed for earlier anisotropic products. From previous studies it was
determined that the first step for better understanding of the mechanical properties in composite
materials is to test the single “fiber” [35] that is why Bellini et al [34] tested the mechanical
properties of the filament used in the ME3DP process and the ME3DP roads or “rasters”, the
results showed similar tensile strength and young modulus between the filament and ME3DP
roads. The only difference was shown on the maximum strain were the ME3DP roads represented
one third of the filament. From this data the authors concluded that the extrusion process does not
have a considerable effect on tensile strength and modulus of the material but notably effects on
maximum strain [34]. In order to test the anisotropy nature of the ME3DP process, Bellini et al
printed 6 different build orientations depicted on Figure 1.9 to perform tensile testing. From Figure
1.9 the specimens on the left cube represents the different building orientation of parts printed at
0° and 90°, the cube on the right represents the building orientation of the 45° and -45° raster angle.
The results of the tensile test are depicted on Figure 1.10, through a MATLAB function stress-
strain curves of the data points taken from the tensile test provided the averaged stress-strain curves
of the different build orientations. As it was expected the xz orientation showed the lowest tensile
strength, due to the sample being pulled in the direction where bonding is the weakest,
perpendicular to the raster pattern direction. The yz parts showed the highest strength and young
modulus because the tensile load was in the same direction as the build orientation, the rasters
were aligned with the tensile direction. Bellini concluded that mechanical properties are
considerably dependent on two modeling phases: the building direction (raster pattern) and the

chosen path (building orientation).
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ME3DP is a promising technology for the production of specific need, low volume
products such as replacement parts for larger systems and custom products [36]. With recent
increments of production of ME3DP components and finished goods, Ziemian et al [36] noticed
the importance of a thorough investigation of the effects of build orientation in key mechanical
properties of ME3DP components. The goal of the project was to quantitatively analyze the
potential of ME3DP to fully evolve from rapid prototyping to rapid manufacturing through the
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evaluation of the anisotropic properties of the process. Key mechanical properties like tensile,
compressive, flexural, impact and fatigue strength properties of ME3DP specimens were compared
with injection molded parts made with the same base ABS material. The study used
recommendations on processing parameter optimization from previous works to focus solely on
the significance in the direction of polymer roads relative to the loading direction of the part. The
evaluation took place on 4 different raster orientations: longitudinal 0°, diagonal 45°, transverse
90°, and alternating at 45° (45°/-45°). The tensile test results indicated that the 0° raster orientation
had the highest ultimate and yield strength with 25.72 and 25.51 MPa respectively, this was
expected as the 0° raster orientation deposits the material parallel to the specimen’s longitude
which also corresponds to the direction of the tensile load during the test. The transverse direction
or 90° scored the lowest ultimate which represented 56.23% percent of the 0° specimens with
14.56 MPa following the diagonal 45° with 16.22 MPa and alternating (45°/-45°) with 19.36 MPa.
Figure 1.11 represents an SEM image of a longitudinal 0° fracture surface, in this image a
predominantly brittle fracture can be observed with localized micro-shearing in each individual
fiber face. Thus, tensile strength is heavily dependent on the strength of the ABS material than
specimens with orientations other than 0° as it is the case with the 90° fracture surface represented
in Figure 1.12 were most of the failure occurred in the predominantly weak interface between
layered ABS fibers [36]. The diagonal and alternating 45° orientation displayed a mixture of
individual rupture fibers and failure due to poor interfacial adhesion as it can be seen on Figure

1.13.
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Figure 1. 12 Fracture surface of transversal 90 degree [36]
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Figure 1. 13 Fracture surface a) Alternating 45/-45 degree b) Diagonal 45 degree [36]

During compression test, the transversal orientation or 90° obtained the highest mean yield
strength with 29.48 MPa following the 0° with 28.83 MPa, alternating 45°/-45° with 28.14 MPa,
and diagonal 45° with 24.46 MPa. Compression tests in polymers result in higher strengths than
those obtained in tension [33], as it was the case of this study were the average yield strength in
tension was 56% compared to the average obtained in compression. Statistically differences were
not found on the 0°, 90° and 45°/-45° raster directions, the only difference was found in the 45°
which represented roughly 83% of the highest scored obtained by the 90° build orientation. In
order to determine flexural properties three-point bending test was performed. Since build
orientations 0° and alternating 45° did not break during the test, for comparison reasons yield
strength over ultimate strength were evaluated. The highest mean yield strength belonged to the
0° raster orientation with 34.2 MPa, following the alternating 45° with 26.5 MPa, the diagonal 45°
with 21.3 MPa, and transverse 90° with 20.8 MPa [36]. Flexural strengths are usually higher than
tensile strengths because of the compressive and tensile stresses that are subjected during testing
[36]. There is a significant difference of 60.9% between the 0° and 90° raster orientation. Through
hoc analysis the impact of raster orientation further indicates a significant difference of all paired
means except to the 45° and 90° angle were mean yield strength were 21.3 and 20.8 MPa
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respectively. As it was the case for the tensile and flexural test, the 0° build direction scored the
highest impact energy during impact test with 2.991 (J/cm) and the lowest impact energy belonged
to the transverse 90° orientation. A post hoc comparison of the results indicated that there was a
significant difference for all paired comparisons except for the diagonal 45° and alternating 45°,
which implies the presence of anisotropic characteristics pertaining impact energy [36]. When
analyzing the feasibility of ME3DP becoming a rapid manufacturing tool, Ziemian et al [36]
remarks the importance of assessing raster orientation effects on fatigue properties. For this a
tension-tension loading configuration was employed with a maximum fatigue load of 70% of the
mean failure load determined from previous tensile testing. The highest number of cycles to failure
was experienced by the alternating 45°/-45° with 4916 cycles, following the longitudinal 0° with
4557 cycles, transverse 90° with 1616, and diagonal with 1312 cycles. There was a big difference
between the diagonal 45° that represented 26.7% of the total number of cycles to fail experienced
by the alternating 45° orientation. After post hoc comparison it was determined that every pair
except alternating 45° and 0° were statistically different which confirm the significant effect of
build orientation on fatigue properties [36]. Ziemian concluded that build orientation had a
significant orientation for tensile, compressive, flexural, impact and fatigue strength properties
through experimental data, and statistical analysis like Tukey and ANOVA. Although Ziemian did
not present an approach to diminish the anisotropy effects of ME3DP this work can be used to
determine optimum raster orientation for a given part based on the expected in service loads or as
a point of reference for analytical models.

Most of the previously presented studies on anisotropy generally deal with parameter
optimization and experimental analysis to determine dependency/optimization of build orientation

on different mechanical properties. The following studies entail a different approach to diminish
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anisotropic properties by creating new 3D printable materials that diminish build orientation
dependence on the final mechanical properties of the part. Shaffer et al [37] presented a novel
approach to mitigate the effect of layer to layer adhesion on mechanical properties by blending
common 3D printable materials with specific radiation sensitizers and exposing them to ionizing
radiation in order to increase crosslinks among the polymer chains in the ME3DP part. Two
polymer systems were used in this study, the first was composed of acrylate monomers: methyl
acrylate (MA) and isobornyl acrylate (IBoA) combined with 0.1 wt% 2,2-dimethoxy-2-
pheynlacetophenone (DMPA) which serves as the photo-initiator and blended with radiation
sensitizer trimethylolpropane (TMPTA) [36]. The second system consisted in PLA blended with
triallysocynurate (TAIC), a radiation sensitizer also known as 1.3.5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione, Figure 1.14 shows a graphical representation of the process that took

place during the blending of both polymer systems.
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Figure 1. 14 Shcematic representation of blending process [37]

After printing specimens of both systems in 3 different raster pattern orientations (vertical
0°, diagonal 45°, and horizontal 90°) ionizing radiation doses were applied with 10 and 50 kGy
(kilogray) at different temperatures of 0°C, 20°C, 40°C, and 60°C during irradiation. Tensile test
was performed and the results for the PLA + TAIC can be observed on Figure 1.15, tensile test
specimens for the MA/IBoOA + DMPA results were not presented because they did not present
mechanical stability after irradiation. Figure 1.15 shows that the irradiation at 60°C improved

significantly ultimate strength and strain from the control system.
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Figure 1. 15 Stress-strain curves for PLA + TAIC system [37]

From Figure 1.16a the anisotropic nature of ME3DP can be appreciated through the
stress-strain taken from the tensile testing performed on the baselines with the different build
orientations. Figure 1.16b shows the crosslinked sensitized PLA at different radiation
temperatures printed in the vertical and horizontal direction. From this image it is possible to
observe the huge drop in ultimate tensile strength and strain on the PLA + TAIC irradiated at 20
°C printed in the horizontal direction compared to the higher ultimate strength and strain
recorded of the same system printed at a vertical direction. This gap is significantly reduced by
the PLA + TAIC irradiated at 60 °C showing a decrease in anisotropy, that can be further
confirmed by the increment in ultimate strength and strain if compared to its baseline printed in

the same direction[37].
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Figure 1. 16 Stress-strain diagrams a) control system b) PLA + TAIC irradiated at 50kGy [37]

Torrado et al [38] studied the effects of build orientation for various additives and
polymer blends based on ABS. In this study 6 different polymer/non-polymer composites and 4
polymer blends were printed in two directions, horizontal (XYZ) and vertical (ZXY) as it is

graphically represented on Figure 1.17.
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Figure 1. 17 Print directions [38]

The ABS polymer composites and blends were processed using a twin screw extruder to
create a 1.75 mm monofilament that was later printed into tensile test specimens. The ultimate
tensile strength (UTS) was the metric used to test anisotropy by calculating the percent difference
between build orientations as it is expressed in Equation 1.2.

Equation 1. 2 [38]

UTSxvz — UTSzxvy
UTSxvz

ﬂ.{{:{ ][_:TS =

Every material system used in this study along the results of the mechanical test for both
directions can be seen on Figure 18. On Figure 18 “H” and “V” represent the build orientation

horizontal and vertical respectively [38].
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The test results indicate that none of the polymer composites blends nor composites
improve the UTS of the baseline. Out of the composites and blends, the 5% titanium dioxide
composite recorded the highest UTS value of 32.9 MPa that was slightly below the UTS ABS
baseline of 33.96 MPa. The material that presented the lowest anisotropy was ABS blended with
ultra high molecular weight polyethylene (UHMWPE) with elastomer styrene ethylene butylene
styrene (SEBS) at a 75:25:10 ratio, this material tested a relative difference of 22% compared to
the 47% difference in UTS from the two build directions presented in the ABS baseline.

Material development seems like a promising method to diminish anisotropy in ME3DP
systems. The fusion between layers and rasters seem to be the key factor in reducing mechanical
properties anisotropy. Poor interfacial adhesion is prone to create a larger anisotropy effect while
failure within individual rasters creates lower anisotropy as it was the case for

ABS:UHMWPE:SEBS on the work presented by Torrado et al [38].
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1.4 Material Availability

Material availability is an important aspect for the development of ME3DP. The selection
of materials available for ME3DP represents a very small fraction of materials available in
comparable technologies on conventional manufacturing (e.g. injection molding) [6]. This narrow
spectrum of materials available for ME3DP represents a barrier for application on industries that
employ different material requirements than those available for this technology. Development of
ME3DP materials with a vast range of material properties would diminish this barrier and increase
the applicability of this technology. ME3DP materials depend on certain rheological qualities that
enable the formation process through deposition and fusion between rasters and layers to create an
object. Relatively low glass transition temperatures, low shrinkage tendency after cooling, and
medium to high melt flow rates are some of the desired qualities for ME3DP materials. These
qualities are not present on every polymer which increases the difficulty in the creation of new
materials compatible with the technology. Two viable approaches to increment the number of
materials available for ME3DP are polymer blending and polymer compositing through the
alteration of ME3DP compatible polymers to enhance a targeted physical quality.

In the next two sections of this study an introduction to polymer blending and compositing
will be presented along a literature review of those practices in ME3DP. It must be noted that these
two approaches represent the core of this study as these techniques were applied to develop novel
ME3DP materials that will be introduced in the following chapters. Thus, a review of current
polymer blending and polymer compositing studies will be introduced to remark the importance

these techniques play on the development of ME3DP.
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1.4.1 Polymer Blending

The field of polymer sciences has evolved significantly for the past decades thanks to the
evolution of polymer synthesis. First from the polymerization of monomers, then from random
copolymerization which demonstrated to be an effective technique to improve or modify properties
of known polymers, to finally the more systematic approach of block-and-graft copolymerization
[39]. According to Paul, there are still concepts in polymer synthesis that have yet to be explored,
on the other hand that does not mean that new chemical structures or organizations are necessary
“to meet new needs or to solve old problems” as polymer blending can be used to tailor physical
qualities from existing polymers [39]. The term of polymer blend refers to the physical rather than
chemical (modifying chemical structures) approach of blending polymers. Twin screw extruders
are industry standard for polymer blending and impose a more economical method to create
polymers that combine more than one desired physical property [40].

In the field of AM by ME3DP, polymer blending has been proven to be a viable approach
to develop new materials compatible with the technology. ME3DP largest company Stratasys,
commercially carries a variety of polymer blends, an example is a polymer blend based on ABS
and PC which combines the heat resistance properties of PC with the elastic properties of ABS
[41]. From literature Torrado et al examined the anisotropic nature for polymer blends based on
ABS and an elastomer styrene ethylene butadiene styrene (SEBS) [38]. Major findings in this
study showcased the decrease on mechanical anisotropy of a ternary blend of
ABS:UHMWPE:SEBS. Chen et al [42] developed ME3DP scaffolds for tissue engineering by
blending PLA with thermoplastic polyurethane (TPU). TPU is a highly elastic material composed
of flexible segments (polyesther) and hard segments (benzyl structure) that exhibits good

biocompatibility, good abrasion resistance, and high elongation. However, TPU lacks mechanical
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strength and experiences poor shape fixity. On the other hand, PLA offers good mechanical
strength, high rigidity, and it is highly biocompatible and biodegradable. This polymer blend
enhanced ductility on PLA, and increased its tensile and impact strength. The PLA/TPU blend
along the ability to easily control the architecture with ME3DP improved the strength, and
durability, of the biomaterial scaffolds.

In Chapter 3, a published article from the author will be presented, entailing the
development of a polymer blend in an effort to expand ME3DP capabilities through material
development.

1.4.2 Polymer composites

Polymer composites are materials that consists of two or more chemically and physically
different phases separated by distinct interfaces [42]. The reason behind polymer compositing is
to achieve systems with more useful structural or functional properties that were not attainable by
any of the constituents alone [42]. In ME3DP polymer composites are enabling the expansion of
the technology into different fields thanks to the modification of physical properties of ME3DP
materials through the addition of fillers. Technologies like ME3DP provide the capability to
deposit dielectric, conductive materials, or materials with different electrical properties in a
volumetric scale at an almost arbitrary fashion [43]. This, along recent developments in polymer
composites of materials with high dielectric and reasonable loss tangents, compatible with the
technology, have opened the door for the development of antennas with optimized performance
and size [43]. Castro et al [44] explored the effects on relative permittivity and loss tangent in
antennas build by ME3DP with different polymer composites. The polymer composites were based
in two different polymer matrices cyclo-olefin polymer (COP) and ABS reinforced with ceramics

Bao55Sr0.45Ti03, MgCaTiO2, and TiO2. COP has a high melting temperature of 280° C and T of
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136° C, it is resistant to solvents and acids, and also holds superb electromagnetic properties with
er~2.3 and tandd <0.0005 at 17 GHz [44]. Compatibility of the polymer blends with ME3DP can
be observed in Figure 1.19 where an SEM image of the 30% v/v COP- TiO2 composite filament’s

cross section is shown along the top view of the ME3DP printed thin sheet sample.

Figure 1. 19 SEM image of COP-TiO2 30% v/v coss section and thin sheet [44]

The results obtained from the measured electromagnetic performance showed an increase
of relative dielectric permittivity of the composites from er~2.3 of COP to er~4.88 and tandd
<0.0005 for the 25% v/v COP- Bao.s5Sro.45TiOz an increase of relative permittivity of over 100%.
Similar results were observed for the other composites in the study showing very promising
features for enabling next generation high-performance 3D RF and microwave devices using
ME3DP [44].

In the field of biomaterials, ME3DP has become an important tool for the development of
tissue engineered scaffolds due to the manufacturing flexibility ME3DP has to easily prepare
scaffolds with customizable design of size, porosity, and interconnections between channels which
are important factors in the mechanical properties, and cell growth proficiency [42]. Current
ME3DP compatible polymers do not have all the properties required to create optimum tissue

engineering scaffolds. Polymer composites have been developed to improve cell growth and mimic
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human bone properties. Natural bone is a porous material that contains voids in varying sizes, it is
composed of connective tissue consisting in a polymeric phase (collagen), ceramic phase
(minerals), and water [45]. Kalita et al [45] developed a polymer composite blend based on high
shear mixing polypropylene polymer (PP) with tricalcium phosphate ceramic (TCP) and fabricated
controlled porosity PP-TCP composite scaffolds using ME3DP. PP has great cracking resistance
and high flex life, it has biomaterial properties and has been previously used for finger joint
prostheses [45]. Calcium phosphate ceramics like TCP have been utilized as bone substitute
materials and are widely used in the health care industry [45]. After creating feedstock material
for the PP-TCP material, ME3DP was used to fabricate controlled porosity scaffolds with 3D
interconnectivity, Figure 1.20 is a graphical representation of the scaffolds fabricated with

MES3DP.
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Figure 1. 20 PP-TCP composite scaffolds with different internal architectures [45]

The scaffolds were characterized for their physical, mechanical, and biological properties.
Different architecture results showed an increase in pore size diminishes the compressive strength

of the scaffolds, samples with 36% volume porosity and 16 pum pore size showed the best
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mechanical properties under compression [45]. The biocompatible analysis revealed non-toxicity
of the composite and proved successful attachment of OPC1 cells to the substrate. Polymer
blending enabled the use of ceramics to mimic human bone chemical composition that enhance
cell growth without sacrificing mechanical stability by compounding with a polymer to decrease
the inherent brittleness of ceramics. Similar studies like the one produced by Schantz et al [46]
where an assessment of polymer-ceramic scaffolds, composed of polycaprolactone and calcium
phosphate made by ME3DP, also indicated enhancement in biocompatibility for cell growth from
compounding this polymer-ceramic material system. Also Korpela et al [47] proved the success of
polymer composite in ME3DP for biomedical applications in the development of scaffolds using
a polymer composite based on poly(e-caprolactone) and bioactive glass which increased
mechanical stability and cell growth proliferation.

Many polymer composites in ME3DP partake on the enhancement of mechanical
properties for the creation of more robust parts. Carbon fiber is one the most used filler in polymer
composites for ME3DP because of its strength, light weight and good processability with
polymers. Love et al [48] created a polymer composite based in ABS and short carbon fibers and
was able to increase its strength 200% and modulus by 400%. Shofner et al [49] used ABS with
vapor grown carbon fibers and experienced a 60% increase in tensile strength. Sarvestani et al [50]
used continuous carbon fiber reinforcement in nylon and was able to get 580 MPa of tensile
strength and 52.4 GPa modulus. Ning et al [51] compared the effects of carbon fiber content and
length in ABS, in this study it was found that 150 um carbon fibers had a larger effect on tensile
strength and Young’s modulus than shorter 100 um carbon fibers. Besides carbon fiber, other
composites have been created using metals, ceramics and various fibers to enhance the mechanical

properties of ME3DP materials [52 — 59].
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Polymer compositing has proven to be a viable option to enhance physical properties that
are not inherent in polymers. This technique has introduced ME3DP into a number of new
applications and it will continue to expand with the creation of new novel materials compatible

with the technology.
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CHAPTER 2: RESEARCH OBJECTIVES AND PRESENTED PUBLISHED
PAPERS

2.1 Research Objectives
In the previous chapter an introduction to ME3DP and the current challenges for mass
adoption were introduced to give an overview of current needs and areas of improvement. The
main objective of this work was to increase ME3DP adoption by the development of novel
materials compatible with the technology. Increasing the range of ME3DP compatible materials
will streamline major scale adoption of this technology. In an effort to expand ME3DP
applicability through a material perspective, a novel polymer blend and a polymer composite along
a complete characterization and processing parameters will be presented. The main research
objectives of this dissertation are as followed:
1. The creation of new polymer blends and composites to expand the use of ME3DP
technologies.
2. Present the required processing parameters for the creation of tailored novel materials for
the use in ME3DP technologies.
3. Phase characterization of the new polymer blends:
o Scanning transmission electron microscope (STEM).
o Fourier transform infrared spectroscopy (FTIR).
o Dynamic mechanical analysis (DMA).
4. Explore mechanical properties and reinforcement of the new polymer blends and
composites.
o Mechanical testing following standard ASTM D638-14.

o Fractographic analysis using scanning electron microscope (SEM).
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5. Characterization of rheological properties of the new blends and composites through melt
flow rate (MFR) following ASTM standard 1238-13.

Overall the objective of this work is to present viable methods to create novel ME3DP
materials with tailored physical qualities. Along an extensive characterization work that can be
used for parameter optimization in ME3DP and provide better understanding of polymer
blends/composites. The derivation of objectives one and two are to present processing information
that can serve as base for the creation of new tailored ME3DP materials. Objective number three
and five refer to the characterization of polymer blends in order to understand present phases,
degree of miscibility, and effect on rheological properties. Objective number four pertains to the

novel reinforcement method that will be introduced on Chapter 4.

2.2 Published Works

The next chapters of this dissertation, Chapter 4 and 5, are composed of published works
by the author. The citations of the published works along their abstract are presented below.
Chapter 3

The material presented in Chapter 3 introduces the development of an elastomeric blend
based on ABS. This article was published in the Journal of Virtual and Physical Prototyping cited
as follows:
J.G. Siqueiros, K. Schnittker, D.A. Roberson, ABS-maleated SEBS blend as a 3D printable
material, Virtual and Physical Prototyping. 11 (2016) 123-131.
doi:10.1080/17452759.2016.1175045.

Permission to use the cited article above in this dissertation has been granted by the

publisher in Appendix A.

Abstract
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A key enabler for the advancement of material extrusion 3D printing is the implementation
of new printable materials with a wide variety of physical properties. The focus of this study is the
development of 3D printable polymer blends based on compounding acrylonitrile butadiene
styrene (ABS) with styrene ethylene butylene styrene. Here the mechanical properties of the
resulting novel material systems were manipulated through the change of mixture composition.
The novel blends were evaluated based on mechanical testing and fracture surface analysis.
Additionally, the rheological characteristics were determined based on melt flow index values.
Key results were the significant increase in elongation at break values from 8.53% (ABS baseline)
to 1506.57% (rubberised ABS) and the drastic difference in fracture surface morphology when
comparing the various blends to ABS.

Chapter 4

The material presented in Chapter 4 introduces the development of a polymer composite
based on two polymer matrices with a phosphate glass filler. The article was published in the
International Journal of Polymer Science cited as follows:

J.G. Siqueiros, D.A. Roberson, In Situ Wire Drawing of Phosphate Glass in Polymer Matrices
for Material Extrusion 3D Printing, International Journal of Polymer Science. (2017).
doi:10.1155/2017/1954903.

Abstract

A strategy to increase the amount of materials available for additive manufacturing
platforms such as material extrusion 3D printing (ME3DP) is the creation of printable
thermoplastic composites. Potential limiters to the incorporation of filler materials into a
thermoplastic resin include agglomeration of the filler materials, which can compromise the
mechanical properties of the material system and a static morphology of the filler material. A

potential solution to these issues is the use of filler materials with low glass transition temperatures
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allowing for a change in morphology during the extrusion process. Here, we successfully
demonstrate the drawing of phosphate glass particles into a wire-like morphology within two
polymeric systems: (1) a rubberized acrylonitrile butadiene styrene (ABS) blend and (2) polylactic
acid (PLA). After applying a normalization process to account for the effect of air gap within the
3D printed test specimens, an enhancement in the mechanical properties was demonstrated where
an increase in
strength was as high as 21% over baseline specimens. Scanning electron microanalysis was used
to characterize the fracture surface and wire drawing efficacy. Factors affecting the ability to
achieve wire drawing such as polymer viscosity and print temperature are also highlighted.
Permission to use the cited article above in this dissertation has been granted by the

publisher in Appendix B.
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CHAPTER 3: ABS-MALEATED SEBS BLEND AS A 3D PRINTABLE
MATERIAL

3.1 Introduction

Material extrusion 3D printing (ME3DP) is a technology where a 3D object is created
through the deposition of a material (typically a thermoplastic) in a layer-by-layer manner by
means of extrusion through a heated nozzle. Originally marketed under the moniker fused
deposition modelling (FDM), this 3D printing method has become ubiquitous in educational,
industrial, and home-use settings. As a whole, 3D printing has been evolving at an increased pace
because of the numerous benefits this technology has over conventional manufacturing methods,
such as machining. The rapid growth of 3D printing platforms based on FDM is due to expiration
of the original patents on this technology [1] in 2009 [2]. The well-known advantages of 3D
printing technology include the ability to print complex shapes and a rapid design to product cycle
[3]. There are also disadvantages to the use of ME3DP in a manufacturing setting; one being the
lack of variety available for materials with a diverse set of physical properties that can be employed
for particular or specific applications. Therefore, a key enabler for the advancement of 3D printing
as a technology is the creation of more materials with a greater diversity in physical properties
compatible with current 3D printing technologies. The possibility to print a selection of materials
with different physical properties in combination with the complex shapes that can only be
reproduced by additive manufacturing (AM) enables ME3DP to be a very powerful technology
that could bring major innovations in the manufacturing field and beyond [4].

As previously mentioned, ME3DP relies on the extrusion of a thermoplastic filament
through a heated nozzle. The most common polymers currently used particularly among desktop-

grade systems are acrylonitrile butadiene styrene (ABS) and polylactic acid. Recently, interest in
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flexible materials for polymer based 3D printing platforms has increased due to the potential for
creating multifunctional all 3D printed parts, such as mechanical actuators [5]. The ‘Tango’
product line offered by Stratasys for Objet printers is a key example. In the area of ME3DP,
polyurethanes have become the flexible material of choice, namely the commercially available
NinjaFlex®. The focus of the work presented in this paper reflects on the development of a new
material system based on blends composed of ABS and the thermoplastic elastomer styrene
ethylene butylene styrene grafted with maleic anhydride (SEBS-g-MA), at various concentration
levels. The variation in SEBS-g-MA content levels allows for tunability of the viscoelastic
properties of the resulting material, which reflects on the final elastic behavior of the filament and
printed part. ABS is a thermoplastic composed of three monomers; acrylonitrile, butadiene, and
styrene and the combination of these three monomers at different levels enables a wide variety of
properties [6].

For this study, two different grades of commercially available ABS were utilized: (1)
MG47 and (2) MG94. Both resin types were produced by SABIC (Pittsfield, MA) under the
Cyclolac™ product line. The MG47 grade is considered a multipurpose injection-molding grade
of ABS [7]. The MG94 grade possesses a higher melt flow index (MFI), which is indicative of a
lower molecular weight. It has been observed that molecular weight has an effect on the
compounding behavior in polymers [8] where lower molecular weight equates to a higher level of
blending.

From previous studies performed by Torrado, it was found that lower molecular weight
ABS grades exhibited an enhanced mixing behavior when compounded with SEBS-g-MA [9].
During this study, an evaluation of both MG94 and MG47 was performed where both grades were

compounded with SEBS-g-MA grade FG1901-GT (Kraton, Houston, TX, USA) where the
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composition of this material is styrene, ethylene, and butylene combined with 1.4-2.0% by weight
maleic anhydride [10]. Blends of various ratios (by weight) of ABS and SEBS-g-MA were created
by a twin screw compounding/extrusion process. The physical properties of these blends were
evaluated based on mechanical testing, scanning electron microscopy, and MFI measurements. In
cases where test coupons were necessitated, specimens were fabricated through the use of a
desktop-grade 3D printer.
3.2 Experimental Procedure

The various blend combinations of ABS with SEBS-g-MA used in this study are tabulated
in Table 3.1, where it is noted that blends of (based on wt. % SEBS-g-MA) 25%, 50%, and 75%
by weight SEBS were compounded. In the case of MG94, an additional blend of 90% SEBS-g-
MA was compounded and evaluated. A blend composed of ABS grade MG47 compounded with
90% by weight SEBS-g-MA was also extruded, however we were unable to print objects on our
printer, therefore we have excluded this particular mixture from our study. The polymer blends
were created through the use of a Dr Collin twin screw extruder/compounder (Model ZK 25 T, Dr
Collin GmbH, Ebersberg, Germany) which was configured to produce a monofilament with a
diameter of 1.75 mm in order to be compatible with most desktop- and industrial-grade material
extrusion 3D printers.

Table 3. 1 ABS:SEBS-g-MA Blends

MG47 100% (Baseline) ABS MG94 100% (Baseline)

ABSMGA47: SEBS-g-MA 75:25 ABSMG94: SEBS-g-MA 75:25
ABSMG47: SEBS-g-MA 50:50 ABSMG94: SEBS-g-MA 50:50
ABSMGA47: SEBS-g-MA 25:75 ABSMG94: SEBS-g-MA 25:75

ABSMGY94: SEBS-g-MA 10:90
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Prior to the extrusion process, the resins (which were in pellet form) were dried using a
compressed air dryer (Dri-Air CFAM Micro-Dryer, East Windsor, Connecticut, USA). The drying
cycle for the ABS MG47 was carried out at a temperature of 90°C for a time period of 2
hours, ABS MG94 was dried at 80°C for a period of 2 hours, and the SEBS-g-MA Kraton FG1901-
GT was dried at 60°C for 1 hour. The drying parameters were inferred from the manufacturer-
supplied material data sheets. The extruding parameters were slightly modified for each blend in
order to obtain homogeneous compounding results and to optimize the overall quality of the
filament as seen in Table 3.2. It was found necessary to increase the processing temperature with
an increase in the content of SEBS-g-MA, as the slightly higher temperatures improved the mixing
of SEBS-g-MA with ABS whether the grade was MG47 or MG94.

Table 3. 2 ABS: SEBS-g-MA Blends Extruding Parameters

Material Tzone T zone T zone T zone T zone T zone RPM Pressure Melt
1(°C) 2(C) 3(°C) 4(°C) 5(C) 6(C) Main Main Pump
Screws Pressure

ABSMG47: SEBS-g-MA

100:0 200 210 220 220 210 190 48 90 75
75:25 210 230 240 240 210 195 45 90 55
50:50 210 235 245 245 215 200 43 90 52
25:75 210 240 250 250 220 200 35 90 48
ABSMGY94: SEBS-g-MA

100:0 200 210 210 210 200 190 28 90 54
75:25 200 210 210 210 200 190 28 90 48
50:50 200 210 215 215 210 195 33 90 34
25:75 200 210 215 215 210 195 36 90 39
10:90 200 210 215 215 210 195 39 90 40

Tensile testing was carried out following the ASTM standard D638-10 [11]. Specimens
were 3D printed following specifications for Type V as seen in Figure 3.1. In order to demonstrate
ME3DP compatibility, the specimens were printed with a Lulzbot Taz 4 (Aelph Objects Inc,
Loveland, Colorado, USA) outfitted with a 0.6 mm nozzle diameter. Our unit was modified over

the stock version by the running of a custom Marlin open source firmware and the addition of an
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E3D V6 hot end (E3D-Online Limited, Chalgrove, Oxfordshire, UK). The specimens were printed
with 100% infill and a raster height of 0.27 mm in the XYZ print orientation. For an explanation
of standard AM print terminologies, we invite the reader to examine the ASTM F2921 standard
[12] and a previous study on the evaluation of novel 3D printed materials by Torrado et al. [13].
As was the case in the extrusion process of the various blends, it was necessary to modify the
printing parameters for each blend as shown in Table 3.3 where again, the temperature was raised
coincident with the content of SEBS-g-MA. However, rather than to facilitate blending, during the
printing process the higher temperature was needed in order to reduce back flow forces that caused
the flexible filament to clog in the 3D printer drive gear system. We found the incremental increase
in temperature led to a higher flow rate which diminished the back flow forces mitigating the
clogging issue. The MG47-based blends were more prone to system clogging during the printing
process, which is an expected occurrence due to the higher molecular weight of this grade

compared to MG94, where longer polymer chains yield a greater flow resistance or viscosity [14].
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Figure 3. 1 a) Schematic of ASTM 638 Type V Test Specimen [13] and b) examples of 3D
Printed specimens where white specimens are based on ABS MG47 and black specimens are
based on ABS MG94.

Table 3. 3 ABS: SEBS-g-MA Blends Printing Parameters

Material Nozzle Bed % Travel Feedrate
Temperature Temperature Infill (mm/s)
(W) O
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ABSMGA47:SEBS-g-

MA
100:0 230 110 100 60
75:25 250 110 100 60
50:50 265 110 100 30
25:75 280 110 100 30

ABSMG94: SEBS-g-

MA
100:0 230 110 100 60
75:25 235 110 100 60
50:50 245 110 100 30
25:75 255 110 100 30
10:90 265 110 100 30

Tensile testing was performed using an Instron 5866 (Instron, Norwood, Massachusetts,
USA) tensile testing machine equipped with a 10 kN load cell. The test speed was 10 mm/min at
a temperature of 24°C as specified in the ASTM D638-10 [11] standard for rigid and semi-rigid
specimens of the Type V geometry. Sample pools of 10 specimens were tested and the resulting
stress, strain, and Young’s modulus were recorded. Fracture surface analysis (fractography) was
conducted using a Hitachi TM-1000 scanning electron microscope (SEM; Hitachi High-
Technologies Europe GmbH, Germany) operating at 15 kV accelerating potential and equipped
with a backscatter electron detector. As we were examining non-conductive polymeric surfaces,
the specimens were first sputter coated with a gold palladium (Au/Pd) target in a Gatan sputter
coater Model 682 Precision Etching Coating System (Gatan, Inc., Pleasanton, CA, USA) to reduce
electron charging. Two to three representative specimens from each sample pool were selected for
SEM microanalysis. The selection of more than one representative from each sample pool for the
fracture surface analysis gave the opportunity to learn about the failure modes within each
elastomeric blend and to establish a correlation between fracture morphology and blend ratios.
Rheological testing was performed using a Tinius Olsen MP1200 melt flow indexer (Tinius Olsen,

Horsham, Pennsylvania, USA) following the ASTM D1238-13 standard (procedure A) [15]. In
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order to perform this test, 7 g of material from each elastomeric blend experiment was pelletized
and introduced to the melt flow indexer. In order to provide an accurate relative comparison, all
tests were conducted using the same machine-operating parameters; a temperature of 230°C and a
3.8 kg test load.
3.3 Results
3.3.1 Tensile Testing

Tensile test results are tabulated in Table 3.4 and graphically represented in Figures 3.2
and 3.3 for the blends examined in this study. It can be seen that, in terms of mechanical properties,
both grades of ABS responded similarly to one another in response to an increase in the amount
of SEBS-g-MA. Ultimate tensile stress (UTS) and per cent elongation (%El or strain) for different
blend ratios indicate that the polymeric blends have physical properties which follow a rule of
mixtures type of behavior for the constituents; in this case ABS and SEBS-g-MA, which is
indicative of a miscible blend [16]. The UTS of the blends decreased as the SEBS-g-MA content
increased, which was expected as the addition of the elastomer tends to reduce the UTS of the
stronger polymer (in this case ABS) and acts as a rubber toughening agent increasing resistance to
tensile strain. There are examples in the literature pertaining to this so-called ‘rubber toughening
effect” of SEBS-g-MA, such as the studies by Oshinki et al. [17], where a creation of a super-tough
polyamide was achieved by the blending of SEBS-g-MA with nylon-6,6, the work published by
Tjong et al. [18] pertaining to polypropylene toughened by the addition of SEBS-g-MA, and a
study related to the rubber toughening effect of SEBS-g-MA for PAG6/PP/organoclay
nanocomposites performed by Kusmono et al. [19].

Similar to the observations made related to the Young’s modulus decreased as the content

of SEBS-g-MA was increased. The relationship between the reduction in Young’s modulus and
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the content of SEBS-g-MA provides some degree of tunability in the stiffness of the material
allowing for the possibility to fabricate custom devices where shock absorption is required.
Figure 3.2 is an example of a bumper (shock absorber) that was replaced in a Brabender Granu-
Grinder (C.W. Brabender, South Hackensack, New Jersey) by ME3DP using the ABS MG94

SEBS-g-MA 50% blend.
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Figure 3. 2 UTS values for the blends evaluated in this study
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Figure 3. 3 % Elongation values for the materials tested

Figure 3. 4 ABS MG94 SEBS-g-MA Shock Absorber (Bumper)

A notable observation made during this study was the ability to tune the strain withstood

by the material at failure (in terms of %EIl) from 3.32% for the baseline ABS MG94 material to
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1506.57% for the ABS MG94 SEBS-g-MA 90% blend. Similar effects in elongation percentages
were shown by the ABS MGA47 blends but at lower relative degrees of difference. The significant
change in mechanical properties of these blends without compromising the compatibility with
ME3DP platforms endorses the use of this material for 3D printing applications where a discrete

degree of elasticity would be required such as the aforementioned shock absorber or a mechanical

actuator.
Table 3. 4 ABS: SEBS-g-MA Blends Tensile Test
Tensile strain at
: Ultimate Tensile Break MOdUIUS.
Material (Automatic
Stress (MPa) (Standard) Young's) (MPa)
(Elongation %) g
ABS MG 47 3401%13 3694+ 16  216148% 2747
ABS SEBS-g-MA 25% 17.34 £ 1.1 13.79£4.1 139100 % 140.3
ABS SEBS-g-MA 50% 12.86 £ 0.3 2083575 675.65 % 151.0
ABS SEBS-g-MA 75% 73308 368.20 £ 103 70.77 %213
ABS MGY4 33.04 £ 2.14 332£07  2280.29 + 3416
ABSMGI SEBSGMA 2500212 853+21  1484.16+1417
ABSMGS2 SEBSGMA 1321103 441864  690.25+88.4
ABSMGI2 SEBSGMA 11552022 672.06+88.2  43.08+4.46
ABSMGDA SEBSGMA 101605  150657+901  14.98+369

The analysis of stress—strain curves (Figure 3.5) further exemplifies the effect of the
addition of SEBS-g-MA on the amount of plastic deformation endured by the tensile test
specimens, most defined by the amount of elongation exhibited by the specimens. A key feature
of the stress—strain curves is the behavior observed the case of the 75% by weight SEBS-g-MA
blend for both ABS grades and the 90% blend containing ABS MG94. In both cases there is an
increase in stress after the onset of plastic deformation. The increase in stress is due to the polymer

chains detangling and elongating during the tensile test process. The behavior is most prominent
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in the case of the blend of SEBS-g-MA and MG94 and is tantamount to the aforementioned strain

hardening effect, which played a role in the planar fracture surfaces.
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Figure 3. 5 Stress-strain curves for the material system based on (a) ABS grade MG47 and (b)
ABS grade MG94. Note the difference in % EL compared to wt. % SEBS-g-MA between the
two ABS grades

3.3.2 MFI measurements

Results of MFI measurements are shown in Table 3.5. A notable result is the effect of
SEBS-g-MA content on the overall MFI value. Looking first at the blends based on ABS MG47,
the lowest concentration blend (a 25% by weight concentration of SEBS-g-MA) the MFI value of
9.06 g/10 min is in between the MFI values for the two constituents where ABS MGA47 exhibited
an MFI value of 7.42 g/10 min and the SEBS-g-MA grade FG1901-GT exhibited an MFI value of
15.72 g/10 min. The in-between value of this blend was expected and indicative of polymer
blending and is analogous to the well-known Fox’s law for the calculation of the glass transition

temperature (Tg) of a blend given by the equation 3.1 [20]:

1 X1 X2

Tg Blend N Tg1 ng’
where X1 and x. are the weight fraction of the individual polymers. What we observed for the

blend of MG94 compounded with a 25% by weight concentration of SEBS-g-MA is a law of
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averages-type of behavior. When a Fox’s law-type of equation is applied to the case of MFI for

the two constituents examined in this study:

1 _ X1 X2
MFlgienga  MFl, = MFIL,’

the calculated value is 8.54 g/10min which is ~0.52g lower than the measured value. Furthermore,
if one were to take a law of averages-type of approach for the prediction of the resultant melt flow
index of the binary blend:

MFlgong = X, MFI, + x,MFI,,
the calculated value of the MFI for the 75:25 by weight ratio blend amounts to 9.49 g/10min which
is ~0.43 g/10min greater than the measured value.

The deviation from a law of averages-like or Fox’s law like behavior increases drastically
when the loading of SEBS-g-MA is increased to 50% and 75% in the case of blends based on ABS
MGA47. At these higher concentrations, the MFI increases to values greater than those of either of
the constituents, where the greatest MFI value of the base materials studied here was for the SEBS-
g-MA (15.72 g/10 min). At 50% SEBS-g-MA concentration, the MFI was measured to be 23.25
g/10 min where the blend with a concentration of 75% SEBS-g-MA possessed a measured MFI
value of 18.55 g/10 min which is less of a deviation than a rule of mixtures-type model, but still
higher than the MFI of either constituent and indicative of the rheological aspects of the material
being dominated to a greater degree by the SEBS-g-MA. The deviation of MFI values from
blending-based models is indicative, that for some mixture ratios, polymer alloying is occurring
rather than polymer blending [8].

Further evidence of polymer alloying as opposed to blending is given through observation
of the MFI behavior of the blends based on ABS MG94. As compared to the MG47 grade, the

MFI of MG94 is much greater (14.83 as compared to 7.42 g/10 min for MG47) which is indicative
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of a lower molecular weight. As mentioned above, the previous work by Torrado [9] has reinforced
the notion that lower molecular weight polymers mix or blend in a more enhanced manner than a
higher molecular weight counterpart. When comparing the behavior between the two ABS grades,
the greater propensity to mix for MG94 (leading to alloying rather than blending) of this lower
molecular weight version of ABS is observed by the behavior of MFI values of lower SEBS-g-
MA concentration. When the mixture was 25% by weight SEBS-g-MA the MFI value was
measured to be 28.84 g/10 min which is a strong deviation from a rule of mixtures- type behavior
and an indication that polymer alloying occurred. Conversely, as mentioned before, the mixture of
25% by weight SEBS-g-MA with the higher molecular weight MG47 yielded an MFI value
following the rule of mixtures type of behavior (9.06 g/10 min). This behavior indicates that the
manifestation of alloying occurs at lower concentrations of SEBS-g-MA when the molecular
weight grade of ABS is lower meaning that molecular weight not only controls blending, but
the onset of alloying as well.

Further examination of the blends based on ABS MG94 reveals that at concentrations of
50% and 75% SEBS-g-MA, the MFI values are still greater than either constituent, however the
deviation from mixing model calculations decreases as the concentration shifts in favor of SEBS-
g-MA. In the case of a by weight concentration of 90% SEBS-g-MA it can be said that polymer
blending rather than polymer alloying is occurring because the MFI value of 15.35 g/10 min is
extremely close to the predicted MFI value of 15.53 g/10 min.

It should be noted that the MFI values do not completely correlate with the 3D printer
parameters. In terms of feed rate, for the case of the blends based on ABS grade MG47, the increase
in MFI correlated with a decrease in feed rate for the 50, and 75% SEBS-g-MA blends, which is

expected as the increase in material flow has to be balanced by a decrease in the amount of material
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supplied to the liquefier. The same trend was also observed in the case of blends based on MG94
for the 50 and 75% SEBS-g-MA blends. However, in the case of the 90% SEBS-g-MA blend the
federate was 30 mm/s while the MFI value was 15.35 g/10 min, a value very close to the MFI
value of 14.83 g/10 min observed for the ABS MG94 base resin. The ABS base resin was found
to be printable with a feed rate of 60 mm/min.

The material property which has a greater effect on the 3D printer machine parameters is
the stiffness of the materials. If one compares the trend of Young’s modulus values (Table 3.4)
observed during tensile testing to both the print temperature and the filament feed rate, this fact is
readily observable. Taking the blend of ABS grade MG94 blended with 25% by weight SEBS-g-
MA, the MFI value was 28.84 g/10/min, which is much higher than that of the ABS base resin,
but the printable feed rate was found to be 60 mm/s. The stiffness of this blend (inferred from the
average Young’s modulus of 1484.16 + 141.7) Higher temperatures were needed to combat
backflow issues observed in the printing of these blends as was mentioned previously.

Table 3. 5 ABS: SEBS-g-MA Blends MFI

. Measured Melt Flow Index Fox's Law- Law of Averages-
Material (9/10min) type . Calculatgijon o
Calculation

ABS MG47 7.42

SEBS-g-MA 15.72
ABS MG47 SEBS-g-MA 25% 9.06 8.55 9.50
ABS MGA7 SEBS-g-MA 50% 23.25 10.08 11.57
ABS MGA47 SEBS-g-MA 75% 18.55 12.28 13.65

ABS MG94 14.83
ABS MG9% SEBS-g-MA 25% 28.84 15.04 15.05
ABS MG94 SEBS-g-MA 50% 27.48 15.26 15.28
ABS MG9%4 SEBS-g-MA 75% 21.17 15.49 15.50
ABS MG94 SEBS-g-MA 90% 15.35 15.63 15.63
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3.3.3 Fractography

Differences in mechanical behavior were also observed through the comparison of fracture
surfaces between tensile samples printed from the rubberized blends and samples printed from the
ABS base resins. The analysis of the fracture surfaces revealed a more ductile behavior, as the
weight per cent of SEBS-g-MA was increased regardless of the grade of ABS used. Figure 3.6
presents fracture surfaces from the material system based on ABS MG47. Starting with the
baseline ABS specimen (Figure 3.6(a)), the fracture morphology exhibits features indicative of
plastic deformation where the samples printed from the blends composed of 50% and 75% by
weight SEBS-g-MA exhibit a greater amount of plastic deformation as is seen in Figure 3.7.

The fracture surface of specimens printed from ABS grade MG94 (Figure 3.7) indicates
that the print raster interface acted as initiation sites for craze cracks as highlighted by the white
arrows. Figure 3.8(a)—(d) represents the fracture surfaces for the (by weight) 25%, 50%, 75%, and
90% by weight SEBS-g-MA blends and, again, illustrates the effect of combining the
thermoplastic rubber with ABS not only in terms of fracture morphology difference but in
rheological differences as well. Here, the differences between print rasters are somewhat obscured
as the blends exhibited different flow characteristics during the 3D printing process as compared
to ABS. In terms of fracture behavior, the amount of plastic deformation endured by the tensile
specimens increased as weight per cent of SEBS-g-MA increased which agrees well with the
mechanical testing values for %El at failure.

However, when examining Figure 3.7(d), there is a notably less evidence of plastic
deformation which would normally be attributed to a brittle mode failure. This image corresponds
to the fracture surface of the ABS MG94 SEBS-g-MA 90% blend which exhibited the most plastic

deformation as indicated by an average of %EI value of 1506.57 + 90.1%. The high amount of
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elongation greatly reduced the cross-sectional area of the test specimen; additionally, there was a
strain hardening effect on the polymer due to the elongation of the polymer chains resulting in a

final brittle fracture mode. The result was a mechanical behavior similar to the snapping of a rubber

band, as depicted in Figure 3.9.

R : 'm;_. - B " ™ ¥ v(:‘.f- Soo“m
Figure 3. 6 SEM micrographs of specimens based on ABS MG47: a) ABS MG47; b) ABS
MG47 SEBS-g-MA 25%: c) ABS MG47 SEBS-g-MA 50%:; and d) ABS MG94 SEBS-g-MA

75. Note the increase in plastic deformation corresponding to an increase in SEBS-g-MA
content.
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Figure 3.7 Fractufe surface of ABS grade MG94
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Figure . 8 ABS MG94 SEBS-g-MA Blends Fracture Surface Analysis aAB MG94 SEBS-g-
MA 25% b) ABS MG94 SEBS-g-MA 50% c) ABS MG94 SEBS-g-MA 75% d) ABS MG94

SEBS-g-MA 90%
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Figure 3. 9 Schematic of the deformation and failure of samples printed from the ABS/90% by
weight SEBS-g-MA blend
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3.4 Conclusions
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We have demonstrated an effort to expand the applicability of ME3DP through increasing
the array of materials with different physical properties available for specific applications, in this
case applications necessitating tunable flexibility such as shock absorbers and actuators. The
capability of mechanical property customization is an advancement over the state of the art where
polyurethanes currently occupy the majority of market segment for flexible 3D printable materials.
Through blending a material commonly used in 3D printing (ABS) with an elastomer to modify
its elastic behavior, a drastic difference in mechanical properties and failure characteristics was
observed. The thermoplastic blending process through the use of a twin screw extruder represents
a cheaper path to create new materials for 3D printing as compared to the scientific effort that
would be required to create new polymers from base chemicals.

The use of two ABS base resins with different molecular weights provided insight into
aspects related to the formation of a polymer alloy and overall ability to blend two dissimilar
polymeric materials. Here we were unable to create a viable blend from the higher molecular
weight ABS MG47 blended with 90% by weight SEBS-g-MA. The most profound were observed
for the mixture of ABS MG94 blended with SEBS-g-MA at a weight 90% by weight. This blend
exhibited an increase in %EI of over 1500% as compared to the base ABS resin.

A key observation made here is that the filament stiffness had a greater effect on the
determination of 3D printer print parameters than did the MFI values for the blends tested. Overall,
in terms of material printability, we have determined that the MFI range for a rubberized
thermoplastic material can be between 15.35 and 28.34 g/10 min. The research effort presented
here will be a key enabler for the use of ME3DP in the fabrication of multi-material and

multifunctional applications.
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CHAPTER 4: IN SITU WIRE DRAWING OF PHOSPHATE GLASS IN
POLYMER MATRICES FOR MATERIAL EXTRUSION 3D PRINTING

4.1 Introduction

A key enabler for the advancement of additive manufacturing (AM) is the creation of new
material systems with a wider range of physical properties while maintaining compatibility with
3D printing capital equipment platforms. If we take, for example, material extrusion 3D printing
(ME3DP), which is based on the trademarked fused deposition modeling (FDM) technology, there
are limitations to the physical attributes of fabricated parts due to the dependence of this AM
platform on thermoplastics such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
and polycarbonate (PC). As is the case with most thermoplastics, ABS, PLA, and PC have a high
molecular weight and their polymer chains weaken rapidly at temperatures approaching their glass
transition temperature (Tg) yielding a viscous phase that can be extruded and solidified upon
cooling, a characteristic which is the key enabler for FDM-type AM [1]. Brittleness is one
detrimental quality that is present in most thermoplastics and can be reduced with the addition of
elastomers and plasticizers [2, 3]. Reducing brittleness and improving elastic properties in
thermoplastics for ME3DP technologies have been previously studied by Siqueiros et al. [4] where
the addition of the elastomer, styrene ethylene butylene styrene grafted with maleic anhydride
(SEBS-g-MA) at different loadings (by wt%) was blended into ABS in order to modify its elastic
properties while still maintaining compatibility with conventional FDM-type printing platforms.
While polymer blending is one strategy for expanding the materials pallet for the ME3DP platform,
there is still a limitation to the amount of achievable property augmentation due to the chemical
composition and physical similitudes of various miscible polymers. The addition of metals, clays,
carbon fibers, and other fillers to polymeric materials has been extensively researched in both
academia and industry to enhance more drastically a given desired physical quality in order to
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satisfy a given application [5-8]. Improving mechanical properties, modifying thermal
conductivity, and increasing elasticity are just a few examples of how polymer physical properties
can be altered by the addition of fillers. In the area of ME3DP, this technique has also been applied
where many examples can be found in literature [9-21]. In these works, polymers have been doped
with metals, carbon fibers, carbon pastes, natural fibers, clays, and other materials in order to alter
physical properties such as thermal and electrical conductivity, rheology, stiffness, strength, and
elasticity, among other material properties. For example, Hwang et al. [19] explored the effect of
the addition of metallic fillers on part warping and thermal conductivity of ABS, Shemelya et al.
[21] demonstrated the creation of a tunable radiation shielding material based on a PC matrix
loaded with tungsten at different loading percentages, and specific to the application of 3D
printing, and Torrado et al. [22] explored the effect of additives on the mechanical property
anisotropy based on part build orientation. The addition of fillers into polymers known to be
compatible with ME3DP platforms gives the opportunity to expand the application of this
manufacturing process without changes to capital equipment as discussed by Roberson et al. [20].
In some cases, the addition of additives has detrimental effects on the mechanical
properties of the composite. A well-known problem in the addition of non-polymeric fillers in to
ME3DP polymer materials is agglomeration. As mentioned above, Torrado et al. [22] studied the
effects of additives on ABS for ME3DP and one of the conclusions drawn from this work was that
particle agglomeration affected the overall mechanical properties of ABS, especially the ultimate
tensile strength (UTS), where a reduction from 33.96MPa to 20.70MPa was observed due to the
addition of 2.5% by weight of Zinc Oxide (ZnO) nanorods. Scanning electron microanalysis
revealed that the nanorods had agglomerated. It is worth noting that this previous work did not

involve the use of a functionalization process to modify the ZnO prior to melt compounding. From
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literature it is known that nonhomogeneous dispersion, agglomeration of particles, and poor
attachment of additives to the polymer matrix are the main problems behind these negative effects
on mechanical properties [5, 18, 22, 23]. A key aspect of loading polymeric materials with
compositing agents such as carbon fibers is that the morphology of the filler material within the
polymer matrix is largely predetermined.

The work presented here explores the possibility of loading a polymer matrix with a filler
material whose morphology could be altered during the 3D printing process. The filler selected for
this study is a phosphate glass (P-glass) which was combined with two polymer systems known
for their ME3DP compatibility: (1) PLA, which is commonly used particularly in home-use or
desktop gradeME3DP platforms; and (2) a version of the ABS:SEBS-g-MA blend first reported
by Siqueiros et al. [4] (ABS blended with SEBS-g-MA in a 50 : 50 by weight ratio). P-glass was
chosen as a filler because this material has similar thermal processing parameters to many
thermoplastic polymers, meaning that the chance of initiating wire drawing within our matrix
materials was likely [24]. The similar processing temperatures enabled an attempt to achieve in
situ wire drawing of the P-glass particles within the polymer matrix with the end goal of mitigating
particle agglomeration and improving the particle/matrix adhesion by wiring down agglomerated
particles of P-glass within the polymer matrix allowing them to act as fiber reinforcement. Besides
reducing particle agglomeration and improving mechanical properties, P-glass particles could
enhance the insulating properties of these two polymers. Glasses are known for their good thermal
insulating properties [25, 26], that is why, in an effort to expand the applications of ME3DP, this
composite material could later be used as thermal insulator for a multi-material ME3DP functional

component necessitating thermal management such as 3D printed structural electronics [27, 28].
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4.2 Experimental Procedure

Phosphate glass was created following a method by Gupta et al. where a mixture composed
of a molar composition of 50% tin fluoride (SnF2), 20% tin oxide (SnO), and 30% phosphorous
pentoxide (P205) [24]. The ingredients were tumble mixed until the desired homogeneity was
achieved and then placed into a glassy carbon crucible. The crucible was then placed into an oven
(Lindberg/Blue M, Thermo Electron Corporation, Germany) at a temperature of 450°C for 70
minutes. The mixture in its liquid stage was then quenched in a stainless steel pan at room
temperature. After quenching, the glass was annealed at 130°C for 90 minutes ina VWR horizontal
forced air safety oven (Radnor, PA, USA). The resulting phosphate glass was then processed in a
ball mill for 5 minutes. After ball milling the powder was chemically analyzed by X-ray diffraction
(XRD) using a Bruker D8 Quest diffractometer (Bruker Corporation, Germany) operating with Cu
K-a radiation (1.54 °A). The resulting spectra (Figure 4.1) were a 100% match to tin
fluorotrioxophosphate (phosphate glass). Figure 4.2(a) is a SEM micrograph of the ball milled
phosphate glass particles. Measurement of the particles from the SEM image revealed a highly
variable particle size distribution (coefficient of variation = 1.19) with an average size of 9.68um

(Figure 4.2(b)).
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Figure 4. 1 XRD of the P-glass material used in this study
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Figure 4. 2 a) SEM micrograph of P-glass particles and b) size distribution of particles

In order to study the behavior of phosphate glass as an additive in polymers known for their
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ME3DP capabilities, PLA and the ABS-based blend discussed above were used as matrix
materials. The polymers used in this study were (1) PLA (grade 4043D NatureWorks, Blair, NE,
USA) and (2) a polymer blend composed of a 50 : 50 weight ratio of ABS (grade MG94, SABIC,

Pittsfield, MA) and SEBS-g-MA (Grade FG1901 Kraton, Houston, TX, USA). The elastomeric




blend was previously studied by our group for the use in FDM-type processes and was
demonstrated as a 3D printable material [4]. All polymers were received in pellet form the
respective suppliers. In this study, the ABS:SEBS-g-MA blend was compounded first using a Dr
Collin ZK 25 T twin screw extruder compounder (Collin Lab and Pilot Solutions, Inc., Norcross,
GA, USA) following parameters documented in Siqueiros et al. [4] and then mechanically
pelletized prior to melt compounding with the P-glass particles.

Before melt compounding, the filler material was subjected to a functionalization process
intended to facilitate particle/matrix adhesion as well as facilitate improved dispersion of the filler
material within the polymer matrix. The functionalization process consisted of a silane treatment
on the additive before compounding; it must be mentioned that two different silanes were used in
this experiment, one geared for the PLA matrix (3-Glycidyloxypropyl) trimethoxysilane and the
other one towards the ABS:SEBS-g-MA blend Vinyltrimethoxysilane both purchased from
Aldrich Chemistry (St. Louis, MO, USA). Our group has used a similar functionalization process
in prior work where polycarbonate was the matrix material [21]. Before extrusion, the polymer
pellets were dried using a compressed air dryer (Dri-Air CFAMMicro-Dryer, EastWindsor,
Connecticut, USA). PLA was dried at a temperature of 800C for 4 hours and the ABS:SEBS-g-
MA blend was dried at 70oC for a 2-hour period. The limited quantity of phosphate glass
necessitated the use of a small batch extruder; therefore, the melt compounding process was
performed with the use of a desktop grade Filabot EX2 extruder (Filabot, Barre, VT, USA) in order
to accommodate composite batches of 100 g. The extruder was used in conjunction with the belt
puller from the Collin ZK 25 T extruder to maintain a constant diameter of 1.75 mm, a standard
diameter used on many FDM-type platforms. The extrusion temperatures for the composite

systems evaluated in this study are seen in Table 4.1.
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Table 4. 1 Extrusion Temperatures

Material System Extrusion Temperature °C
ABS:SEBS-g-MA 210
P-glass 5% - ABS:SEBS-g-MA 230
P-glass 10% - ABS:SEBS-g-MA 235
P-glass 20% - ABS:SEBS-g-MA 240
PLA 190
PLA 2.5% P-glass 205
PLA 5% P-glass 215
PLA 10% P-glass 220
PLA 15% P-glass 235

In order to characterize the mechanical properties of the different polymer composite
systems, test specimens were printed using a Lulzbot TAZ 4 (Aelph Objects Inc., Loveland,
Colorado, USA) outfitted with a 0.8mm nozzle tip. The printer was modified to accept 1.75mm
diameter filament through the installation of an E3D V6 hot end (E3D-Online Limited, Chalgrove,
Oxford shire, UK). The test specimens were printed with 100% infill in a rectilinear pattern
consisting in alternating layers of 0 and 90 degrees. The dimensions of the specimens followed
ASTM standard D638-14 [29] Type V. Figure 4.3 represents the printed tensile test specimens for

one of the systems. The printing parameters for all the systems are shown in Table 4.2.
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Table 4. 2 Printing Parameters

Material System

Nozzle Temperature °C

Bed Temperature °C

ABS:SEBS-g-MA Baseline

ABS:SEBS-g-MA - P-glass 5%

ABS:SEBS-g-MA - P-glass 10%

ABS:SEBS-g-MA - P-glass 20%

PLA Baseline

PLA - P-glass 2.5%

PLA - P-glass 5%

PLA - P-glass 10%

PLA - P-glass 15%

240

240

240

240

220

220

220

240

240

110

110

110

110

110

110

110

110

110
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Figure 4. 3 Printed tensile specimens (PLA - Phosphate glass 10%)

Tensile testing was carried out using an Instron 5866 (Instron, Norwood, Massachusetts,
USA) loaded with a 10 kN load cell following ASTM standard D638-14 [29]. All tests were
performed at a strain rate of 10 mm/min at room temperature on sample pools of 3 to 6 specimens
per material system and the UTS and percent elongation at break (% EL) were recorded for each
specimen.

Fracture surface analysis of spent tensile test specimens was carried out through the use of
a Hitachi TM-1000 scanning electron microscope (SEM; Hitachi High-Technologies Europe
GmbH, Germany) operating at a 15 kV accelerating potential and equipped with a backscatter
electron detector. Due to the nonconductive nature of polymeric surfaces, the specimens were gold
coated using a JEOL Smart Coater (JEOL USA, Inc, Peabody, MA) to reduce electron charging.
Two to three different test specimens from each system were analyzed in order to characterize the
in situ wire drawing of phosphate glass particles as well as the failure modes and fracture surface
morphology within each material system.

Melt flow rate analysis was performed by following ASTM standard D1238-13 [30]

(procedure A) using a Tinius Olsen (Horsham, PA, USA) MP1200melt flow indexer (MFI). Prior
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to performing the test, filament specimens from the different material systems were pelletized to
allow introduction into the melt flow indexer in 7 g sample sizes. For comparison purposes, all the
ABS SEBS-g-MA blend systems were tested at a temperature of 2300C with a 3.8 kg test load.
The PLA systems were tested at a temperature of 2100C with a 2.16kg test load. The melt flow
rates of all the systems were collected and will be discussed in greater detail below.

4.3 Results

4.3.1 Fractography

Figure 4. 4 Fracture surface of 5% P-glass loaded into a) ABS:SEBS-g-MA and b)PLA

Fracture surface analysis confirmed the in situ wire drawing of phosphate glass particles
within the ABS:SEBS-g-MA polymer matrix as is seen in Figure 4.4(a). Phosphate glass particles
were elongated into a rod shape form with diameters ranging from 0.5 to 2 um. The presence of
drawn wires supports the theory and motivation behind this study: because of the similar
processing temperatures between polymers and P-glass at the moment of deposition during the 3D
printing process, particles of P-glass would experience enough shear forces that would make them
elongate within the polymer matrix. In contrast, PLA loaded with 5% P-glass did not show signs
of wire drawing as can be observed in Figure 4.4(b). Examination of the PLA specimens loaded
with P-glass under SEM revealed that the P-glass particles did not show signs of elongation (Figure

4.5). This could be due to the low viscosity of PLA during filament extruding and ME3DP.
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Viscosity plays an important role in the elongation of the P-glass particles; in this study the
ABS:SEBS-g-MA blend which has a higher T4 of around 120°C compared to the T4 of PLA of
70°C (as determined by the max tan & of dynamic mechanical analysis scans) possesses a greater
viscosity at the moment of deposition resulting in higher shear forces within the composite
filament allowing in situ wire drawing of P-glass particles within the polymer matrix. Figure 4.6
is a schematic representation of the in situ wire drawing process of P-glass in the ABS:SEBS-g-
MA matrix during deposition. PLA is usually 3D printed at temperatures ranging from 170°C to
220°C, and for this

experiment it was necessary that the print temperatures be above 220°C to avoid clogging of the
print nozzle by the P-glass, which, at the same time, reduced the viscosity of PLA negating any

shear forces which would elongate the P-glass particles.
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Figure 4. 5 Scanning electron micrograph of a filament specimen of PLA loaded with P-glass at
a loading of 15% by weight
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Figure 4. 6 Schematic depicting the in situ wire drawing of P-glass during the 3D printing
process

When the loading of P-glass was increased to 10% by weight and above, agglomeration

played a key role in reducing the mechanical properties, specifically the property of UTS. In the
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case of ABS:SEBS-g-MA loaded at 10% and 20% P-glass, the SEM micrographs of the fracture
surfaces revealed that there were more particles that did not elongate during deposition as indicated
by white circles on Figure 4.7. The particle size of the undrawn P-glass particles ranged from 15
um to 2.5 um. The agglomeration between P-glass particles in the 20% P-glass ABS:SEBS-g-MA

system (specified on Figure 4.7(b) by a rectangle) interfered with the proper in situ wire drawing

of the P-glass and acted as a crack propagation site.

Figure 4. 7 Tensile test fracture surfaces of ABS:SEBS-g-MA loaded with a) 10% P-glass b)
20% P-glass

In order to investigate the effect of print temperature on the efficacy of the in situ wire
drawing of P-glass particles in the ABS:SEBS-g-MA 10% P-glass system, two specific print
temperatures were experimented with, 240°C and 280°C. Based on SEM images, there was not a
clear difference between the two print temperatures in terms of the amount of P-glass particles that
were in situ wire drawn as can be seen on the high magnification inset images representing the
printing temperatures of 240°C and 280°C (Figure 4.8). The only clear difference between the print
temperatures was observable when comparing the lower magnification SEM images where an
overall more ductile fracture occurred, as indicated by a greater amount of plastic deformation on

the fracture surface of the specimen printed at 280°C (Figure 4.8(b)).
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Figure 4. 8 SEM micrographs of tensile specimens fabricated from ABS:SEBS-g-MA loaded
with P-glass 10% by weight and printed at a) 240°C b) 280°C

In the case of the PLA/P-glass system there was no observable evidence of in situ wire
drawing of P-glass particles based on fractographic analysis. The SEM images in Figures 4.9(a)
and 4.9(b) are representative images of PLA loaded at the 2.5% and 10% by weight P-glass. In
these images and throughout the fracture surface there were no signs of wire drawn P-glass
particles. A noteworthy observation while analyzing the fracture surface of this system was the
robust attachment of the phosphate glass particles to the PLA matrix, a plausible reason behind the
increase of UTS for the 2.5% and 5% loading as well as the incremental increase in strain on every

P-glass loading in PLA.
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Figure 4. 9 SEM micrographs of fracture surfaces of PLA loaded with P-glass at a) 2.5% by
weight and b) 10% by weight

Agglomeration also played a factor in the reduction of the UTS in the higher P-glass
loadings in the case of the PLA systems. Figure 4.10 is a SEM micrograph of the fracture surface
of PLA loaded with 10% P-glass and the agglomerate size of phosphate glass in unit sizes ranging

from5 to 100um.
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Figure 4. 10 SEM micrograph of a fracture surface of PLA loaded with P-glass at 10% by
weight

4.3.2 Tensile Test Results.

The results of the tensile testing for the ABS:SEBS-g-MA loaded with P-glass systems are
tabulated in Table 4.3 and graphically represented in Figures 4.11 and 4.12. The best performer
out of the three systems was the 5% (by wt.) P-glass loading, which had a UTS value of 14.8 +
0.2MPa as compared to the baseline value of 14.4 + 0.2MPa. Though the UTS was not significantly
increased, the lack of a negative result to the mechanical properties for the 5% P-glass loading
confirms the theory behind this study that in situ wire drawing of an additive into a polymer matrix
diminishes the detrimental effects of agglomeration and provides a more stable attachment to the
polymer matrix. In the case of the material loaded at 10% by weight there was a minimal but not
statistically significant reduction of UTS compared to the baseline. The fractographic evidence
indicated some agglomeration and large P-glass particles could have been detrimental to the
mechanical properties at this percent loading. The significant reduction of UTS for the material
loaded with 20% by weight P-glass was most likely caused by voids within the material as

observed on the fracture surface of the tensile specimens as well as particle agglomeration. Figure
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4.13(a) is a SEM image of the 20% P-glass fracture surface where particle agglomeration and voids
throughout the surface are observable. Further analysis of extruded filament corresponding to the

20% by weight loading also indicated particle agglomeration and voids as can be observed in

Figure 4.13(b).
Table 4. 3 Tensile rest results for ABS:SEBS-g-MA loaded with P-glass at various weight
percentages.
Material UTS ST. DEV %EL at ST. Sample

(MPa) Break DEV size

(n)
ABS:SEBS-g-MA - P-glass 5% @240C 14.8 0.2 69 4 4
ABS:SEBS-g-MA - P-glass 10% @240C 141 1.3 49 8 5
ABS:SEBS-g-MA - P-glass 20% @240C 11.0 0.5 63 14 5
ABS:SEBS-g-MA - Baseline @240C 14.4 0.2 54 14 3
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Figure 4. 11 UTS ABS SEBS-g-MA P-glass Systems
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Figure 4. 12 %EL at break values for the ABS SEBS-g-MA P-glass Systems
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Figure 4. 13 SEM micrographs of ABS SEBS-g-MA loaded with P-glass at 20% by weight a)
Fracture surface b) Filament (tangential view)

In terms of % EL at break, the best performer was also the 5% P-glass loading as the
elongation at break increased from 54 + 14% for the baseline specimens to 69% + 4%. The only
system which exhibited a reduction of % EL at break as compared to baseline ABS:SEBS-g-MA
specimens was the 10% P-glass loading printed at 240°C. The reduction of percent elongation at
break for this system occurred because of large P-glass agglomerates that acted as crack initiation

sites as determined by the fractographic analysis in Figure 4.14 indicated by circles, where the
longitude of middle right particle is around 34.5 um and bottom left 22.5 microns. From SEM
image analysis most elongated particles have a diameter ranging from 0.5 to 2 um, whereas
particles of the sizes shown in Figure 4.14 are too large to in situ wire draw within the polymer

matrix and lead to detrimental effects on the mechanical properties of the printed part.
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Figure 4. 14 SEM micrograph of the fracture surface of a specimen of ABS SEBS-g-MA loaded
with P-glass at 10% by weight printed at 240 °C

As mentioned before, in the case of the ABS:SEBS-g-MA system loaded with 10% by
weight P-glass, two different printing temperatures were studied in order to understand the effect
of elevated process temperatures. Fractographic analysis on spent tensile specimens revealed that
many P-glass particles were not wire drawn within the polymeric matrix. Therefore, a second set
of tensile test specimens was printed at a higher temperature (280°C) to explore the relationship
between temperature and the ability to draw P-glass particles. There was not a clear difference in
the amount of wire drawn particles compared to the previous printing temperature of 240°C based
on fractographic evidence, but there was a difference in the mechanical properties as can be noted
in Table 4.4. There is a slight increase on the UTS in the system printed at 280°C and a noticeable
increment in percent elongation at break (% EL) compared to the ABS:SEBS-g-MA baseline
specimens printed at the same temperature. This could be an indication that the P-glass particles
printed at higher temperature parameters have a positive effect on the tensile behavior of the
system, but the loss in viscosity does not allow in situ wire drawing of the particles within the

polymer matrix. Additionally, the higher temperature could have also led to an increase in fusion
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between print rasters as the increased heat would allow for a greater degree of subdiffusion to
occur while the latent heat would increase the duration of any diffusion processes [31].

Table 4. 4 SEBS-g-MA/ P-glass 10% Printed at Different Temperatures

Material UTS ST. %EL ST.DEV Sample

(MPa) DEV size (n)
ABS:SEBS-g-MA - P-glass 10% @240C 14.1 1.3 48 8 3
ABS:SEBS-g-MA - P-glass 10% @280C 12.0 0.3 62 16 3
ABS:SEBS-g-MA @240C 14.3 0.2 54 7 3
ABS:SEBS-g-MA @280C 11.6 0.2 54 14 3

The tensile test results of the PLA loaded with P-glass are tabulated in Table 4.5 and
graphically represented in Figures 4.15 and 4.16. While there was a slight increase of UTS values
for the 2.5% and 5% by weight loading of P-glass compared to the pure PLA baseline, the increase
was not statistically significant. Once the % loading by weight increased to 10% and 15%, the
UTS decreased by 13% in the case of the 10% P-glass loading and a reduction of 24% for the 15%
P-glass loading. The % EL at break increased beyond error for the 2.5 and 15% by weight loadings
of P-glass; the particles reduced the brittle nature of PLA indicated by an increase in the elongation

at break. However, there was no evidence of in situ wire drawn particles of P-glass in the PLA

matrix.
Table 4. 5 Mechanical testing results for PLA loaded with P-glass.
Material UTS (MPa) St. Dev %EL St. Dev Sample size

(n)

PLA/P-glass 2.5% 57.7 1.7 6.0 2.2 5
PLA/P-glass 5% S57.7 15 4.6 0.9 5
PLA/P-glass 10% 48.4 2.8 4.4 0.9 5
PLA/P-glass 15% 42.2 2.1 5.2 1.5 6
PLA - Baseline 55.1 2.6 3.3 1.6 4

88



UTS

PLA Baseline PLA Pglass 2.5% PLA Pglass 5% PLA Pglass 10% PLA Pglass 15%

70.0

60.0

50.0

40.0

MPa

30.0

20.0

10.0

0.0

Figure 4. 15 UTS values for PLA loaded with P-glass at various weight percentages
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Figure 4. 16 Percent elongation values for PLA loaded with P-glass at various weight
percentages
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As was the case for the ABS:SEBS-g-MA system loaded with 20% P-glass, the PLA P-
glass 15% system exhibited the highest decrease in strength. The decrease in tensile strength was
unexpected, so further investigation as to the cause of the observed malefic was warranted. The
SEM micrographs of the PLA P-glass system also exhibited a high amount of voids present similar
to the 20% P-glass ABS:SEBS-g-MA system. The presence of voids is a key factor in the reduction
of UTS and there was a trend of voids increasing proportionally with the percent loading of P-
glass. In order to normalize the UTS values with 100% filled tensile specimens for every system,
density measurements following guidelines from ASTM Standard D792-13 [32] were made. The
measurements were then compared to the theoretical density of each material system to create a
normalization factor, which was then applied to the UTS results for each material system. Our
group has utilized this strategy to assess the effect of additives on mechanical properties in
previous work [21]. The specimens used for the density test were the grip section of the mechanical
test specimens (n = 5 for each sample pool). The test was performed with a Minerlab specific
gravity kit (Minerlab LLC, Prescott, AZ, USA) and an analytical balance readable to 0.1mg
Sartorius CP124S (H&C Weighing Systems, Columbia, MD, USA). The results for the density
test along with the normalized UTS and percent infill calculations are shown in Tables 4.6 and 4.7
for the ABS:SEBSg-MA and PLA systems, respectively. Figures 4.17 and 4.18 are graphical
representations of these tables. The infill percent is the percentage of the measured density over
theoretical density. It is notable that, after the normalization process, an appreciable increase in
mechanical strength was revealed for both PLA and the ABS-SEBS-g-MA material systems over
the baseline specimen pools.

In the case of the ABS:SEBS-g-MA system, there was an incremental increase in strength

for all the loadings when compared to the baseline values. The previously noted trend of an
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increase in void content with an increase of P-glass loading was confirmed by the density
measurements taken—meaning that the actual infill percentage decreases with the addition of P-
glass. The maximum increase in UTS was no greater than 20% over the baseline values (17.8MPa
compared to 14.7MPa) which is equal to the 10 and 20% by weight loading of P-glass. A similar
trend was observed in the PLA system where the addition of P-glass led to an increase in strength
with the exception of the 10% load where the UTS remained equal to the baseline. Further

experiments with the PLA/10% by weight P-glass system were carried out as will be explained

later.
Table 4. 6 Normalized UTS Data ABS:SEBS-g-MA System
Theoretical Measured o uTsS ST UTS(Mpa) ST
) : . 6
Material  Density Density e s MP8  Dev Normalized  DEV
(= ) Measured
cm cm
ABS:SEBS-
g-MA - 0.98 0.96 0.0023 98% 14.4 0.2 14.7 0.2
Baseline
ABS:SEBS-
g-MA - P- 1.11 0.98 0.0064 88% 14.8 0.2 16.8 0.3
glass 5%
ABS:SEBS-
g-MA - P- 1.25 0.99 0.0058 79% 14.1 1.3 17.8 1.6
glass 10%
ABS:SEBS-
g-MA - P- 151 0.94 0.0041 62% 11 0.5 17.8 0.9
glass 20%
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Figure 4. 17 Normalization of UTS for ABS:SEBS-g-MA system
Table 4. 7 Normalized UTS Data PLA System
Theoretica Mez?jsure ST o (I\U/ITS) ST (:\J/ITS) ST
i | Densit . 0 pa pa
Material y Den3|ty DEV Infill  Measure DE Normalize DE
(cm3) v v
%) d d
cm
. 0.001
PLA Baseline 1.24 1.22 7 98% 55.1 2.6 56.0 2.6
PLA - P-glass 0.003 0
2 50 1.30 1.23 1 95% 57.7 1.7 61.0 1.8
PLA - P-glass 1.36 126 2992 g3, 577 15 62.1 1.7
5% 7
PLA - P-glass 0.005 0
10% 1.48 1.28 9 86% 48.4 2.8 56.0 3.3
PLA - P-glass 0.001 0
15% 1.60 1.11 9 70% 42.2 2.1 60.6 3.0

92



Normalization of UTS

70

6

o

5

o

4

MPa
IS)

3

o

2

o

1

o

o

PLA Baseline PLA - P-glass 2.5%

mmmm UTS (Mpa) Measured

PLA - P-glass 10%

mmmm UTS (Mpa) Normalized

Figure 4. 18 Normalization of UTS for PLA system

4.3.3 Melt Flow Rate Analysis
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Results of MFR measurements performed on the pelletized filament from all the systems

are shown in Table 4.8. In the case of ABS:SEBS-g-MA, it was observed that increasing the

loading percentage of the P-glass led to an incremental decrease in the MFR values (g/10 min)

which is indicative of an increase in viscosity. In contrast, increasing the loading percentage of P-

glass within PLA led to a decrease in the viscosity as the percent loading of filler increased. A

potential reason for this occurrence is the hygroscopic nature of PLA which increased with the

content of P-glass. It must be noted that before the tests were made, no prior drying treatments

were performed.

Table 4. 8 Melt flow rate values for the materials tested in this study

Material Melt Flow Rate Test Load Temperature
(9/10min) (kg) °C
ABS SEBS-g-MA 33.72 3.8 230
P-glass 5% - ABS SEBS-g-MA 32.38 3.8 230
P-glass 10% - ABS SEBS-g-MA 30.41 3.8 230
P-glass 20% - ABS SEBS-g-MA 29.48 3.8 230
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PLA 16.98 2.16 210

PLA/P-glass 2.5% 34.36 2.16 210
PLA/P-glass 5% 74.8 2.16 210
PLA/P-glass 10% 85.56 2.16 210
PLA/P-glass 15% 60.52 2.16 210

4.4 Further PLA/P-Glass System Analysis

After observing the high MFR results along with the lack of wire drawing within the PLA
system, it was evident that the viscosity was not adequate to create enough shear forces to elongate
the P-glass particles. One of the steps during our filament fabrication process involves a cooling
method where the filament is run through a water bath. Due to hygroscopic nature of PLA, it was
theorized that the filament absorbed moisture from the water bath. The Nature Works technical
data sheet indicates the MFR values for the 4043D grade of 6 g/10 min using a 2.16 kg load and a
temperature of 210°C [33]. The initial MFR results from the pelletized PLA filament resulted in
values of 16.98 g/10 min by using the same testing weight and temperature without performing
any prior drying treatments. In an attempt to discombobulate the difference in results, a new MFR
test was performed by drying the extruded PLA baseline filament for 4 hours at 80-C before the
test in a VWR horizontal forced air safety oven (Radnor, PA, USA). New MFR measurements of
the dried PLA extruded filament resulted in a value of 5.86 g/10 min, which is closer to the
published value of 6 g/10min. After interpreting the results of the dried PLA filament, a new set
of test specimens of the PLA/P-glass 10% loaded system was printed. The reason behind choosing
this loading percentage was that by selecting a higher loading composite there would be a better
chance of observing P-glass particles wire drawing. The filament was dried for 4 hours at 80-C
before printing. As was the case when evaluating the ABS:SEBS-g-MA system, in order to identify
if printing temperature played a factor in the wire drawing of the P-glass particles and overall

mechanical properties, additional printing temperatures were experimented with (in this case,
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four). Paired data pools (sets of two for composites and three for baseline specimens) were printed
at the different temperatures as seen in Table 4.9 along with the corresponding mechanical test
results. The mechanical testing was carried out following the same procedure explained earlier.

Table 4. 9 Mechanical testing data for the PLA/P-glass 10% system where the filament was dried
before printing and printed at different temperatures

Material Ultimate ST. Tensile strain  ST.DEV ~ Sample
Tensile DEV at Break (%0) Size (n)
Stress (MPa)
PLA/P-glass 10% @ 57.1 2.9 3.2 1.6 3
220 °C
PLA/P-glass 10% @ 56.8 0.7 2.9 0.2 3
230 °C
PLA/P-glass 10% @ 58.0 1.7 3.3 0.4 3
240 °C
PLA/P-glass 10% @ 57.5 0.9 4.7 0.6 3
260 °C
PLA Baseline @ 220 56.4 2.2 5.3 15 3
°C
PLA Baseline @ 230 56.2 2.2 3.0 0.6 3
°C
PLA Baseline @ 240 57.6 1.5 4 1.1 3
°C
PLA Baseline @ 260 59.5 2.6 4.4 0.9 3
°C

Figure 4.19 compares the UTS results of the dried versus undried filament for the pure
PLA baseline and PLA 10% P-glass system; in this graph it can be appreciated that the UTS
slightly, though not significantly, increased, for the dried PLA baseline from 55.1 + 2.6 to 57.6 +
1.5MPa. In the case of the PLA/P-glass 10% system there was a significant increase in the UTS
values when comparing it to the undried filament of the same load. The undried P-glass loaded
filament data pool possessed an average UTS value of 48.4 + 2.8MPa when printed at 240°C while
the dried filament printed at the same temperature reported a UTS value of 58.0 + 1.7MPa, an
increase of almost 20%. The tensile strain at break for the PLA/P-glass 10% system was reduced

from 4.4% for the undried filament printed at 240°C to 3.3% for the dried filament printed at the
95



same temperature. The tensile strain at break for the dried filament surpassed the undried filament
when printed at 260°C with a value of 4.7% + 0.6%. Though the % EL at break was slightly
reduced for some of the print temperature increments, it can be said that the drying of the filament
improved the mechanical properties of PLA and the PLA composites. Specifically, for the test
specimens of PLA loaded with 10% by weight P-glass printed at 240°Cwhere the UTS improved
from 48.4 £ 2.1MPa for the undried filament to 58.0+1.7MPa and still conserved similar strain
elongation at break values from 4.4% (undried filament) to 4.7% (dried filament). Drying the
filament gave the opportunity to be able to print at higher temperatures and still maintain the
correct viscosity needed for a good quality ME3DP print. We were not able to print temperatures
of 260°C without implementation of a filament drying cycle.

(UTS)
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60.0

50.0
40.0
30.0
20.0
10.0

0.0

Undried PLA Baseline @ Dried PLA Basellne @ 240 Undried PLA Pglass 10% Dried PLA Pglass 10% @
240 °C @ 240 °C 240 °C

MPa

Figure 4. 19 UTS of undried vs dried neat and loaded with 10% by weight P-glass

After performing mechanical testing of the new set of PLA/P-glass 10% system, fracture
surfaces of the test coupons were analyzed via SEM in order to determine if the drying cycle had

an effect on the wire drawing process. Analysis of SEM micrographs revealed that specimens

96



printed at temperatures 220 and 230°C had similar fracture surface characteristics as the undried
filament, some agglomeration, no in situ wire drawn particles, P-glass particle pullouts, and signs
of well attached P-glass particles within the polymer matrix as it can be seen of Figure 4.20(a).
Scanning electron microanalysis of the fracture surfaces of specimens from the 240°C and 260°C
sample pool sets revealed many in situ wire drawn particles throughout the polymer matrix (Figure
4.20(b)). The drawn P-glass particles most likely played a role in the final mechanical properties
of the specimens printed at 260°C as this sample pool exhibited the highest UTS values. The
elongated P-glass particles seem to be longer than those found in the ABS:SEBS-g-MA polymer
blend; however we were unable to approximate a length because they were still embedded within
the polymer matrix. The shape of the in situ wire drawn particles of the PLA composite appears to
be more cylindrical than the ones observed in the ABS:SEBS-g-MA composite where they
exhibited a rougher cylindrical shape (Figure 4.4(a)). This could be due to the differences in the
rheology of the material systems; the viscosity found in the dried PLA composite represented
higher shear forces in the P-glass particles and created sharper micro-rods of phosphate glass

within the polymer matrix.
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Figure 4. 20 SEM micrograph of the fracture surface of PLA loaded with P-glass at 10% by
weight printed at a) 220°C b) 260°C

Again, we performed a normalization process of the UTS results for the dried versus
undried PLA following the same experimental process explained above and the results are
displayed in Table 4.10 and Figure 4.21. The trend of a decreased % infill with the increase in P-
glass loading was maintained after drying the filament. As was the case with the undried filament,
drying the filament resulted in 86% infill when loaded with 10% by weight P-glass meaning that
the increase in UTS is attributed the drying process. Although the UTS is greater for the dried
filament by 20%it leads to the conclusion that the different morphology of the P-glass present in
this system had a profound effect on the mechanical properties as it was initially theorized.

Table 4. 10 Normalization of UTS values for Dried PLA printed at 240 °C

Theoretical Measured o UuTsSsS ST UTS(Mpa) ST
; Densit Densit 0 pa
Material s o DEV  nfil MPY by Normalized DEV
s - Measured
PLA-Dried 124 124 00019 100% 564 2.2 56.5 2.2
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Figure 4. 21 Normalization of UTS of Dried vs Undried PLA system

4.5 Conclusions

We have demonstrated the creation of 3D printable thermoplastic composites loaded with
low melting temperature phosphate glass. Combining this low melting temperature filler material
with 3D printable thermoplastics, in this case PLA and a rubberized blend (50:50 by weight ratio
of ABS and SEBS-g-MA) in some cases, led to wire drawing of the particles. When wire drawing
was successful, there was a reduction in particle agglomeration. The ability to draw low melting
temperature phosphate glass depends on many factors including polymer viscosity, particle filler
size, and, particularly in the case of PLA, print temperature.

Initial results involving PLA revealed that the addition of P-glass at a 5% by weight loading
increased the UTS by 4.5%; however, no wire drawing was observed. The drying of extruded PLA

filament had a profound effect on the melt flow rate and later proved to be a key enabler for the
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achievement of wire drawing within PLA. Drying the PLA also enabled printing at higher
temperatures, while maintaining a viscosity great enough to initiate wire drawing.

Normalization of tensile test data was paramount in understanding the result of the addition
of P-glass on the mechanical strength of the material systems explored here. The process of 3D
printing imparts voids in between the print rasters which effectively diminishes the cross-sectional
area of a tensile specimen and, thus, the UTS values. Specific gravity measurements allowed for
the development of normalization factors for each of the material systems to give an idea of the
bulk material properties.

The work presented here demonstrates the 3D printing of a hybrid material system where
the matrix and filler material possessed similar thermal properties. The similarity in properties
allow, in some cases, the drawing of phosphate glass filler material into a wire-like morphology.
The 3D printing process played more of a role in the wire drawing process than the filament
fabrication process. The potential to create hybrid material-based 3D-printed structures from this
and similar material systems will expand the frontiers of FDM-type 3D printing.
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CHAPTER 5: PHASE CHARACTERIZATION OF ABS SEBS-g-MA
POLYMER BLEND

5.1 Introduction

Scanning transmission electron microscopy (STEM) is a type of transmission electron
microscope. STEM works similarly to scanning electron microscopes (SEM) where an electron
gun generates a beam of electrons that is focused by a series of lenses to recreate an image from
the electron source directed to a specimen. The probe can be scanned over the sample in raster
pattern by exciting scanning deflection coils, in order to detect scattered electrons with their
intensity to be plotted as a function of probe position to reproduce an image [1]. Contrary to the
bulk material specimens used in SEM, STEM requires electron transparent specimens [1] and
detectors are placed below the sample. Figure 5.1 is a schematic representation of some of the

elemental components that can be found in STEM instruments.
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Figure 5. 1 Essential elements in STEM instruments [1]
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STEM is an important tool for polymer characterization as they can provide useful
information within the processing-structure-property paradigm [2]. STEM importance relies in the
ability to explore morphologies in polymer synthesis and processing which can lead to advances
in functionality and application [2]. In this Chapter, phase morphology of the ABS SEBS-g-MA
polymer blend system through STEM will be explored along with dynamic mechanical analysis

(DMA) and infrared spectroscopy by attenuated total reflection (ATR).

5.2 Experimental Procedure

Sample preparation for STEM were prepared by cryo-ultramicrotomy using a RMC
Boeckeler PT-X ultramicrotome (RMC Boeckeler Instruments, Tucson, AZ, USA) outfitted with
a CR-X cryosectioning unit and diamond knife. Sample thickness were in the range of 70 to 90
nanometers. A solution of dimethyl sulfoxide (DMSO) with 40% water was used in the knife boat
for sample collection. Because of the elastic behavior of the polymer blend, the collected samples
were placed under hot water (around 80°C) to reduce wrinkling prior grid mounting. STEM
imaging was carried out through the use of a Hitachi SU3500 scanning electron microscope (SEM)
operating with an accelerating voltage of 30kV equipped with a Deben STEM detector (Deben
UK Limited, London, England). Optimal contrast occurred during brightfield and darkfield mixed
mode signal processing was used.

DMA was performed using a TA Systems 2980 DMA (TA Instruments, New Castle, DE,
USA). DMA samples were material extrusion 3D printed using a Lulzbot Taz 4 (Aelph Objects
Inc, Loveland, Colorado, USA) outfitted with a 0.6 mm nozzle diameter with the following
dimensions: 17.5mm x 12.5mm x 1.3mm. ATR was performed using a Nicolet IS5 FTIR
spectrometer equipped with an iD7 ATR accessory (Thermo Fisher Scientific, Waltham, MA,

USA).
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5.3 Results

5.3.1 Microstructural Characterization of the Polymer Phases

The scanning transmission electron micrographs of the extruded filament cross sections for
all the ABS MG94 SEBS-g-MA system are represented from Figure 5.2 to 5.5. Unfortunately, due
to the softness of the SEBS-g-MA material problems during microtoming surfaced along radiation
damage from the beam impeded the capture of worthy images for the ABS SEBS-g-MA 90 wt%
and pure SEBS-g-MA. The pure ABS micrograph presented in Figure 5.2 shows the typical two
phase morphology consisting of a continuous poly(styrene-co-acrylonitrile) phase in which a
rubber phase of polybutadiene is dispersed into the poly(styrene-co-acrylonitrile) phase in form of

spherical particles.

Figure 5. 2 STEM micrograph of ABS

Figures 5.3 to 5.5 represent the filament cross sectional area for the 25, 50, and 75 percent
by weight SEBS-g-MA material systems in ABS. In Figure 5.3 (25 wt%) we can appreciate

similarities to the pure ABS morphology with the inclusion of elongated globules that represent
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the ethylene butylene from the SEBS. It must be noted that the distinction between the ABS and
SEBS-g-MA phases indicates immiscibility between the two polymers. Higher than its constituent
MFI results from this polymer blend on Chapter 3 was an indication that alloying might have
occurred. This assumption can be discarded due to the clear morphology distinction that is more
evident in Figures 5.4 and 5.5 that represent the 50 and 75 wt%. In these two figures globules of
ABS are distributed within the ethylene butylene matrix along spheroids of polystyrene which are
native of the SEBS microstructure. The content of ABS globules is less evident in the 75 than the

50 SEBS-g-MA wt% which further confirms the absence of polymer alloying.

2 um

Figure 5. 3 STEM micrograph of ABS SEBS-g-MA 25%
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Figure 5. 4 STEM micrograph of ABS SEBS-g-MA 50%

Figure 5. 5 STEM micrograph of ABS SEBS-g-MA 75%

5.3.2 Dynamic Mechanical Analysis
Results of the DMA test are represented in Figures 5.6 to 5.9. DMA analysis was performed

to determine the glass transition temperature (Tg) of the different weight ratios of SEBS-g-MA in
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the ABS blend system. Glass transition temperatures were taken from the tan 6 peak compared
against temperature. The DMA results show a similar glass transition for pure ABS and the 25 and
50 wt% SEBS-g-MA of around 120 °C. The 75 wt% SEBS-g-MA tan 6 peak was reduced by a

few degrees to 115 °C and experienced another tan ¢ peak in the -31 °C which indicates multiple
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Figure 5. 6 DMA results of pure ABS
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Figure 5. 8 DMA results of ABS SEBS-g-MA 50 wt%
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Figure 5. 9 DMA results of ABS SEBS-g-MA 75 wt%

5.3.3 Infrared Spectroscopy by Attenuated Total Reflectance

The collected ATR spectra for all the blends is represented in Figure 5.10. The spectra is
very similar for all the blends and seem to follow the same characteristics of the pure ABS spectra
with some increments of absorbance in the aromatic and alphatic region (C=H stretch modes).
These spectra further confirms the absence of alloying occurring in the ABS SEBS-g-MA material

system.
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Figure 5. 10 ATR Spectra of ABS SEBS-g-MA system
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