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Abstract

Additive Manufacturing (AM) has grown in popularity over the past thirty years, due to its
versatility, short design to product cycle, and capability to fabricate complex geometries, which
cannot otherwise be produced. There exist several platforms that are able to print objects composed
of different materials, making this technology significant in different fields such as: automotive,
aerospace, medical, electronics, amongst others. Though several types of AM technologies are
available, the expiration of the patents on fused deposition modeling (FDM) in 2009 has led to a
widespread use of this platform in academia and home use settings.

Widespread use of FDM-type AM platforms has led to a demand to fabricate feedstock
materials for this AM platform. Particularly, in the home do it yourself (DIY) community there
has been a widespread interest for users to manufacture their own feedstock filament leading to a
large growth in home-use extrusion systems. The low cost of these desktop-grade systems has also
made them attractive to academics, but there has not been a widespread effort into determining the
efficacy of these small scale extrusion systems as compared to industrial quality extruders which
are typically used to manufacture feedstock for FDM platforms.

The aim of this study was to compare two extrusion processes: 1) a desktop grade single-
screw extruder; and 2) an industrial scale twin-screw extruder. In order to understand differences
between their performance and quality of mixing, a rubberized blend of acrylonitrile butadiene
styrene (ABS) mixed with styrene ethylene butylene styrene with a maleic anhydride graft (SEBS-
g-MA) at different ratios was compounded on each extrusion system. Melt flow index, and
mechanical properties were compared. In addition, a raster pattern sensitivity study was performed
to evaluate the effect of the extruder system on 3D printed objects. Finally, scanning electron

microscopy (SEM) was used to examine the fracture surfaces of spent tensile specimens.

Vi
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Chapter 1: Statement of Purpose

Additive Manufacturing (AM), also known as 3D printing was developed by the physicist
Charles Hull in 1986 after developing stereolithography, which involves photocurable resins. In
addition to Hull’s work, a fused deposition modeling (FDM) patent by Scott Crump in the 1990s
increased research investigations pertaining to 3D printing [1], [2]. AM technologies that involve
layer-by-layer manufacturing such the case of Fused Deposition Modeling, have become very
competitive because of the high demand in materials. These materials must be improved in both
its quality and performance in comparison to its conventional standards, which include AM
systems that are developed from a single material [3]. Due to high demand in materials, advances
of Multiple Material Additive Manufacturing (MMAM) had been introduced, promising a better
performance by providing the opportunity to use a multiple material system. MMAM systems offer
strategies that improve mechanical properties, additional functionality and design freedom to meet
currently product demands [4].

According to literature published in March 2012, president Obama announced The
National Network for Manufacturing Innovation (NNMI). This brought an increase in the U.S.
manufacturing competitiveness, triggering federal agencies, universities, community colleges and
state governments to invest in industrial manufacturing technologies with a wide range of
applications. NNMI allowed the research expansion of additive manufacturing not only because
of its applications, but mostly for its economical and sustainability viewpoint. In general, NNMI
has made improvements with respect to material waste reduction, energy consumption, time
efficiency production, and fabrication of complex parts; making these characteristics a bigger

advantage compared to those provided by the use of traditional manufacturing techniques [5].



Research in additive manufacturing, has grown mostly in academia. Now a days it is easier
to acquire a personal desktop AM machine at a low cost, enabling researchers to learn more about
this technology by putting hands-on work. The research with respect to the improvement and
development of suitable materials is necessary and currently in process by many researchers. As
it was previously mentioned the use of Multiple Material Additive Manufacturing plays an
important role in the field. There are many research studies where material properties are intended
to be improved by the incorporation of one or more materials. In the particular case of polymers,
there are different investigations where mechanical properties are being improved by the addition
of fillers in the polymeric matrix [6],[7].

In general, these investigations involve the use of the extrusion process for the production
of polymeric monofilaments used for 3D printing [8]. Extrusion process can vary depending on
the application, for this particular technology, there are two types of extrusion systems: 1) single-
screw extruder and 2) twin-screw extruder. One of the advantage to own a personal extruder is that
less materials are wasted and enables the researcher create a multiple material for 3D printing.

Investigations on behalf the improvement of properties in polymeric monofilaments has
increased, however there is a lack of research on the selection of equipment to produce polymeric
monofilaments for 3D printing. As mentioned earlier both systems of extrusion can be used for the
production of polymeric filaments, bringing the question which one of those will be a better
performer or which one can the researcher rely on. It can be hypothesized that the twin-screw
extruder could be more effective, due to the mechanical complexity that the system owns compared
to the single screw extruder. However, what if the final product does not make that much of

difference using the single screw extruder? This could be significant with respect to savings.



The aim of this investigation is to provide a stand point-of-view of the equipment selection
for mixing and compounding polymeric filaments for 3D printing. Five rubberized blends with
different ratios, were extruded by two extrusion systems: 1) single-screw extruder and 2) twin-
screw extruder. The compounding performance of these extrusion systems was evaluated by
different tests including: mechanical testing, rheological test, filament tolerances and fracture
surface analysis. Finally, the use of fused deposition modeling was done to print tensile specimens
with different raster angles: 0°, 45° and 90°. The purpose of using three raster angles was to

analyze and compare the fracture modes generated at the surface during the tensile test.



Chapter 2: Background

2.1 Extrusion Background
The extrusion process was introduced at the end of the eighteenth century by Joseph Brama,

who made a huge contribution in the manufacturing of lead pipes. Brama’s creation gave rise to
hot-melt extrusion in plastic industries in the mid-ninetieth century; it was first used in wire
insulation polymer coating process. [9]. In the early 1930s Hot-melt extrusion (HME) became a
very popular and efficient technology not only in plastic industries, but in food processing, and
medical industry; to date this technique is used for the production of plastic products such as: bags,
sheets, pipes, drug delivery and many more.

Hot-melt extrusion mainly involves the use of an extruder, which is composed of a feeding
hopper, barrels, a single or twin screws, and a die. The main function of an extruder is to create
and improve the homogeneity and compounding of a polymeric material. Finding the right
parameters such as: temperature, pressure, and velocity is important for a successful outcome [10].
Generally, all the extruders count with a screw(s) situated inside the barrel, at the end of this barrel
a die is found, this one can vary in size depending on the desired shape and size of the extruded
product.

The screw is the fundamental component of the extruder, the rest of the components (motor,
gear-box, hopper, barrel and die) are only necessary supports that empowers the proper
performance of the screw [11]. In addition, extruders have an auxiliary equipment that consists of
either a heating or cooling device for the barrels, a conveyer belt to cool down the product, and a
water pump. There exists two classes of extruders: single-screw and twin-screw extruders, they
both have their differences as shown in Figure 2.1, which will be explained in detail later in the
chapter. Extruders have evolved through the years, becoming more sophisticated and suitable in

manufacturing offering promising functions for a significant variety of applications [9], [10], [12].
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Figure 2.1.- Two classes of extruders [12].

2.2 Single-screw Extruder

A single screw extruder has been the most common and primary process of extrusion for many
years even up to this date. This process counts with a simple equipment that is available at low
costs in marketing [13]. It counts with a single screw in the system, in charge of three basic
functions: solid conveying, melting and metering or pumping [4, 5]. These functions are
conceivable by the five major equipment components that the single screw extruder possess

(Figure 2.2) [14].

Screw, barrel

=) Head and die Control

bl Feed System
assembly

and heaters
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Figure 2.2.- Five major equipment components on a single screw extruder



On the other hand, Figure 2.3 illustrates the schematic of a single screw extruder. Polymer
extrusion begins by feeding the material in pellet form through a hopper. A constant feeding rate
is important for an effective extrusion process. The feeding rate is dependent on the characteristics
and properties of the polymer. In order to have a successful feeding in the machine, there are
different parameters to take into account: small pellet size, high bulk density, low internal friction

between pellets, low external friction on the hopper surface, and high melting point.
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Figure 2.3.- Schematic of a single screw extruder [14].

Furthermore, once that the polymer pellets are fed they are able to get to the screw by
gravitational force. The material then advances along the barrel filling up the screw, Figure 2.4
represents this feature. The material tends to rotate within the screw rotation, traveling to the heater
zone, little by little the material will melt and compact. Figure 2.5 shows a representation on a

fully compacted solid bed in screw feed section.
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Figure 2.4.- Extrusion feeding and compacting the material [13].
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Figure 2.5.- Representation of fully compacted solid bed in screw feed section [13]

Pressure is generated due to forwarding force that is being accumulated along the screw, this one
then conveys the material and forces it to exit trough the die, which is located at the end of the
extruder. In order to acquire a high conveying rate during the extrusion process, a large screw
channel area is preferred, as well as the use of polymers containing high viscosity, a barrel with a
temperature close to the melting point of the polymer, and ideally, a screw with a temperature

higher than the melting point of the polymer [11].



Normally, the material exiting the extruder varies depending on the shape and size of the
die. Single-screw extruder counts with a control system, this one allows users to manipulate
temperatures and the screw speed depending on the material that is been extruded. Single-screw
extruders can vary depending on the screw, barrel diameter or the length to the diameter; it could
be represented in the ratio form: L/D. Diameters vary from sizes ranging from 0.5mm to3.5mm.
The extrusion rate capacity varies with the respective L/D, there exist extruders with short and
long L/D which have their particular advantages. The advantages of extruders that count with a

short and long L/D are compared in Table 2.1 [14].

Table 2.1. Advantages of short and long L/D from single screw extruder

Short L/D Long L/D

Occupy small floor space Occupy greater floor space

Replacement of parts as well and | Greater mixing capability
cost of the extruder is low
Low horsepower and small motor | Greater melting capacity
size
Small torque required Higher material throughput

2.3 Twin-screw Extruder

Twin- screw extrusion has played an important role in manufacturing, especially for mixing
and compounding diverse materials according to their respective applications [12]. One factor that
differs a single-screw extruder from a twin-screw extruder is the amount of screws in the barrel,
the process is mostly identical. This section will describe in detail the parts, components, and the
process of this extrusion system. There is a wide open variety of twin-screw extruders in

marketing, selection of the proper twin-screw extruder is subjected to the desired application.



However, the major difference in twin screw extruder models, vary contingent to the sort
of the parallel screw shafts that the extruder possesses. There are two categories: parallel
intermeshing and non-intermeshing twin screw extruders, which are dependent on the rotation on
the screws. The screws can either rotate in the same direction (co-rotating) or rotate in the opposite

direction (counter-rotating), Figure 2.6 represents the co-rotating and counter-rotating

T

intermeshing screws.

Corotating screws Counterrotating screws
ol @) (@)

Corotating Counterrotating

Figure 2.6.- Co-rotating and counter-rotating intermeshing screws [15]

In addition, parallel intermeshing and non-intermeshing twin-screw extruder, are
dependent on the distances between screw shafts. For instance, if the centerline distance in between
the shafts is less than the screw diameter the screws are known as intermeshing, whereas if the
distance is equal to the screw diameter they are known as non-intermeshing [15], Table 2.2

represents a comparison of parallel twin-screw extruders and their respective properties.



Table 2.2. Comparison of parallel twin-screws in the extrusion system [15]

Corotating Counterrotating Counterrotating Non-inter-
Intermeshing Intermeshing meshing
Practical residence 0.35—6 0.35-6 0.35-6
time, min
Residence time Variable Variable/Tighter Variable
distribution
Dispersion High High Good
Heat transfer Excellent Excellent Excellent
Venting Excellent Excellent Excellent
Pumping Good Excellent Fair
Self-wiping Excellent Good Fair
Zoning Excellent Excellent Good
Qutput rate High Moderate High
Distributive mixing Good Good Excellent

The design and components of the extruder, are divided into three sections: drive, process and
control section, which holds five major components of the extruder. These five major components

are identical to single-screw extruder (Figure 2.7) [12].

Drive Screw, barrel
= | Feed System | and heaters
System
system

Figure 2.7.- Five major components of a twin screw extruder

Head and die Control

assembly System

The process is very similar to the single-screw extruder system, it begins by feeding the material
trough the hopper and conveying it through the barrel. While the material is advancing trough the
screws it mixes and melts. Usually, twin screw extruders count with different heating zones that
can be manipulated by the controller system as well as the pressures, and velocities of the screws,

Figure 2.8 shows a representation of a twin screw extruder.
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Figure 2.8.- Components for a twin-screw extruder [15]

2.4 Behavior of Plastics During Extrusion

The purpose in every thermoplastic extrusion process is to acquire a homogeneous polymer
product, in order to do so there are conditions that need to be addressed in areas such as: the feed
rate, melt, and mixing [16]. For instance, the feed zone experiences frictional properties that affect
the efficiency of the extruder. There are two frictions that are present on the feeding section: 1) an
internal friction between the individual polymer particles and formulation ingredients; 2) an
external friction between the formulation components and the metal surfaces of the feed throat,
barrel walls and screw root [17]. These two frictions are essential for a good material feed, the
question now is how low or how high both frictions need to be? According to literature, a low
internal friction allows formulation ingredients to flow freely into the extruder [16]. On the other
hand, a low external friction enables the material to flow freely along the hopper walls into the
extruder.

Furthermore, it is desired that the polymer progressively moves forward to the transient
section. This can be achieved by having a high external friction between the selected material and
the barrel, because that high friction will allow the material to stick to the barrel wall and move

forward. On the other hand, another parameter to consider to aid the material to move forward, is
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temperature zone 1. This one generates internal friction which allows the polymer to advance
along the rotation of the screw, taking the material to the transient section [17]. As mentioned
earlier, when the polymer passes the feeding zone, it begins to melt and mix reaching a
homogeneous state. The barrel and the viscous shear heating, are two sources that generate heat
during the process enabling the compounding of the material.

Shearing in the extruder can be generated by the movement relative to the layers within the
polymer along with the movement of the plastic in parallel direction to the barrel wall or the screw.
It is important to remark that function of shear is proportional to that of the screw speed. For
instance, if the screw speed is increased the shear rate will rise, decreasing the viscosity of the
polymer and affecting the flow of the process. Viscous heat generation in the process is the most
significant factor that allows a polymer to melt in the process, due to the viscosity relative to the
high shear rates from the extruder [17].

During the conveying zone, the barrel practically rotates while the plastic flows reaching
the railing flight and turning upward towards the barrel surface; the process is repeated until it
reaches the following pushing flight. This particular scenario is in charge to shear and mix the
plastic in the metering zone. Finally, the shape of the extruded product is controlled by the die,

which can be found in many sizes and shapes for polymer extrusion.

2.5 Extrusion of Polymeric Monofilaments for 3D Printing

Extrusion is a very effective process in the production of diverse kinds of monofilaments,
for distinct applications. Monofilaments fiber based on polymers are commonly used for making
racquetball rackets, fishing lines, strings for tennis, 3D and many more [18]. In the area of 3D
printing polymeric monofilaments are essential. The extrusion of polymeric monofilaments

encounters many challenges, especially for the improvement of properties achieved by the addition
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of reinforcements such as: fillers or plasticizers. During this section different challenges in the
extrusion of polymeric monofilaments will be discussed as well as different variables to take into
account during the process.

Challenges during the extrusion of polymeric monofilaments begins by the selection of the
material. Glass transition temperature is significant for the appropriate selection of extrusion
temperatures during the process. Recalling section 2.4 from this chapter, viscosity of the material
is dependent on the temperature, which generates the flow required to drag the material trough the
barrel. Thus, temperature plays an important role during the process of extrusion. Another
important factor to take into account in the case of the addition of fillers, is the compatibility of
the filler with the polymer resin and how this one reacts in high temperatures environments.

In addition, a cooling source is needed after the filament exits the die. A good example is
a water bath, which should be clean to avoid any cross contamination in the system. This part of
the extrusion is another challenge that is faced and care is required for good quality of the filament.
Not having the adequate cooling source can lead to voids inside the filament as well as an oval
filament shape. This can cause an inconsistent filament diameter, which can generate printing
defects. Finally, monitoring the diameter from the filament is important because this one will feed
the 3D printer. The diameter can be altered by the use of a spooler that works under certain speed,

which can be adjusted for the desired diameter size.
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Chapter 3: Fused Deposition Modeling

3.1 Background

Fused Deposition Modeling (FDM) was developed in the late 1990s by Stratasys,
Inc.,USA; it is one of the most common additive manufacturing technologies used for a diverse
engineering applications. It possesses the ability to elaborate complex parts at a very efficient time
and lower costs compared to conventional manufacturing processes, due to the manufacturing of
a 3D-mensional object layer-by-layer [19]. One of the characteristics of FDM is that it presents
properties with greater anisotropy compared to other forms of additive manufacturing. In other
words, the build direction has an effect in strength and toughness resulting from the interlayer
bonding in the 3D object [20]. The simplicity of usage and economical costs from this technology
allow users interested in the scope of 3D printing to own a desktop-sized machine at home.

Furthermore, FDM printers are limited to thermoplastic polymers with a suitable melt
viscosity. Based on research, in order to have the appropriate structural support, viscosity must be
high and low enough to allow extrusion. Amongst the extended list of materials that FDM is
suitable for, one can consider the use of popular materials such as: Acrylonitrile Butadiene Styrene
(ABS), Styrene Ethylene Butadiene Styrene (SEBS), Polycarbonate or Polylactic acid (PLA). One
of the many advantages from FDM printers is the ability to enhance deposition of distinct materials
at the same time. This can be achieved by setting multiple extrusion nozzles into the printer so two
materials can be loaded and extruded [21].

FDM has become useful in fields such as: aerospace, architecture, education and medical
where 3D printing of polymers has become useful [22], [23]. Due to the efficiency in production
of fused deposition modeling, product demands have increased, having a high quality standards of

production. Therefore manufacturers must meet costumers needs, which leads to taking proper
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selection of materials and parameters to improve the quality of the product [24]. The process of
this technology consists on (Figure 3.1):

e Conceptualization and Computer-Aided Design (CAD)

e Conversion to STL, transfer and manipulate STL file on the 3D printer,

e Machine setup

e Build

e Part removal

e Post processing and application [25]

1CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process
8 Application

Figure 3.1.- Process of Fused Deposition Modeling [25]
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3.2 Process of FDM

3.2.1 CAD to STL File

Fused deposition modeling relies on the use of a 3D modeling computer aided system
design (CAD). The main purpose of the CAD software is to generate the 3D design in detail with
precise measurements. 3D systems originated the Standard Tessellation Language file (STL),
allowing the configuration of the three dimensional orientation between slices, printing speeds,
infill percentage, size correction, position and orientation of building (Figure 3.2). The CAD
design is converted to a STL file by most commercially available drafting software packages [26].

Figure 3.2 illustrates the CAD model converted to STL format.

Figure 3.2.- CAD model converted into STL format [26]

Once all the desired settings are saved, the STL file is converted into a G-code by a selected
program. The G-code then follows all the settings to create a 3D object in a layer-by-layer manner.
The printer can be manually adjusted with respect to nozzle temperature, printing speeds and flow,

which can vary depending on the chosen material.
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3.2.2 Machine set up

Melt extrusion using FDM technology is represented in Figure 3.4. A typical FDM set up
consists of a machine that contains two rollers, which feed the filament down to the nozzle tip
located at the end of the printer head. A key component of the melt extrusion process is the heating
element that will melt the thermoplastic, this aids the material to reach the nozzle. Thus, the
material begins to be deposited on a bed platform. The head of the printer moves in the horizontal
X-Y plane then in the Z direction layer by layer, the process repeats until a 3D object is produced
[27]. A good analogy of the FDM printing process is that of a hot glue gun. Even though FDM is
a simple technique there are different issues that are present during the process. For example, the
presence of surface defects that can be caused from the nature of the slicing software and the STL
file format. On the other hand, internal defects can be present as well, resulting from
heterogeneities in the filament diameter affecting the way the material is extruded from the printer

nozzle [28].

Heating element 4
—
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Figure 3.4.- Machine set up for a FDM technology [20]
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3.3 Printing Parameters

One of the challenges that are present 3D printing is finding the adequate printing parameters

with respect to the material that is being used and the design one intends to print. This section will

discuss optimal parameters to take into account to obtain a successful print.

Nozzle and bed platform temperatures: The adequate temperatures from the heating
elements in the head of the printer, will be in charge to melt the filament that is been feed
by the system. On the other hand, the bed or platform where the material is deposited
requires an appropriate temperature to aid the first layer of the print to stick into the bed
platform settling it in a stationary position, to start building the object in a layer-by-layer
manner. Inner stresses, and interlayer deformation are caused during the process when
printing, due to the melting and solidification at the environment temperature. Weak
bonding can arise if changes of temperatures in the system are not monitored or controlled,

leading to warping, distortions or even complete failure to print the object [29].

Flow: The flow refers to the percentage of material that is deposited in the bed platform.
This parameter can be manipulated since it is dependent on the filament diameter, the
diameters can vary depending on the 3D printer model; the diameter size most commonly
used are 1.75mm or 3.00mm. If the diameter is smaller of what it is supposed to be the
flow can be increased in order to prevent any voids or air gaps in the printed object.
However, this is not the case where the filament is greater of what it supposed to be. If the
filament is too large, clogging can occur, affecting quality of the printing or failure to print

the part.
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Layer thickness: Refers to the thickness of the layer that is deposited by the nozzle tip
(Fig 3.5). This parameter is dependent on the nozzle tip size, which can range from 0.4mm
to 0.8mm. The layer thickness influences the mechanical properties of the 3D object. The
bottom surface tends to accumulate residual stresses during fabrication causing distortions.

Therefore, the deformation in the bottom layer tends to be greater than the top layer [30].

Figure 3.5.- Layer thickness[24]

Printing speeds: This variable helps in cases where 3D objects are printed by the use of
complex materials. The printing speed prevents printing defects such as delamination or an
uneven deposition [30]. For instance, there are cases where the speed is too fast, that the
counter perimeter or even the infill is not able to stick into the previous printed layer,
causing air gaps in between layers. The right selection of printing speed not only prevents
defects in the object, but can also help to fabricate an object at an efficient time when no

problems with the material are present.

Build orientation: The build orientation is defined as the inclination of part in a build
platform with respect to XYZ axis. According to literature research, this parameter aligns
polymer molecules along with the direction of deposition when the object is been fabricated

[31]. Anisotropic properties arise depending on the building orientation, making this
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parameter one of the most important since it determines mechanical properties and build

time, rather than dimensional accuracy or surface roughness [32].

Raster angle: is referred as the distance between two adjacent deposited filaments within
the same layer. The most common raster angles that are used for 3D printing are 0°, 45°
and 90°. Raster angle is another parameter where mechanical properties can be affected

depending on the raster angle used (Fig. 3.6).

\\\\: b. \\\\\\\\\\\\\\\\\ 45°

O(Raster angle)

Figure 3.6.- (A) Raster angle in XYZ direction. From [33] (B)Different Raster angles used in 3D

printing. From [34].

Infill pattern: is defined as the pattern of the material that is internally located in the
object. There are standard types of patterns such as honeycomb, rectilinear or triangular.
Infill pattern is considered to be another fundamental parameter for 3D printing. The
parameter can compromise different advantages regarding mechanical properties, material
or filament conservation, lightening of the object and the improvements of the internal
structure [35]. The different infill pattern that can be used for printing are illustrated in

Figure 3.7.
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Figure 3.7.- Different Infill patterns used for 3D printing. From[35]
Air gaps: are referred to the space between the beads that are deposited by the nozzle in
the process of printing. In addition, it is a process parameter that can affect tensile strength
along with raster orientation compared to the rest of the printing parameters [36]. There are
two types of air gaps: 1) a positive air gap, indicates that two adjacent roads from the layer
do not touch; 2) a negative air gaps, reduce void fraction present between roads a increases
bond area, however, it tends to cause distortion in the dimension of the object (Figure 3.8)

[37].
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Figure 3.8.- Different Air gaps that can be present in 3D printing. From [37]
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3.4 Polymers

Humans have used polymers for thousands of years. Polymers are characterized as long
molecules that are covalently bonded backbone of carbon atoms. Polymers can be found in almost
all biological systems such as wood, bone, cartilage, or leather. They have the ability to regulate
chemical reactions in living organisms like cells or veins. Microstructure of polymers is much
more complex than those observed in metals and ceramics. However, the manufacturing through
the use of polymers is not that difficult and they are considered to be inexpensive for distinct
applications [38]. During the last century, researchers have synthesized a wide variety of polymers
with a broad range of mechanical properties. Is has long been known that most polymers do not
possess the mechanical properties that metals and ceramics have. Because of this fact, scientists
have developed research to improve polymer properties through the creation of composites and
other means. Industries in particular have been able to work in the production of reinforced
polymers, making improvements that have shown a great impact on polymer properties such as
stiffness, strength among others [39].

Polymer reinforcements have become popular in a wide range of applications such as
sports, medical, and aerospace. Recent investigations have reported results where the mechanical
properties of polymers have improved, that they can now possess properties similar to metals like
aluminum. Hence, properties in polymers should be well studied and understood because they can
change by the addition of one or more components.

Polymers are divided into three classes:

-Thermoplastics

-Thermosets/Resins

-Elastomers
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3.4.1 Thermoplastics

Based on literature, the prominent characteristic from thermoplastics is that they are linear
polymers that are easily softened when heat is applied. This class of polymers can have different
configurations, which means that they can be in a crystalline or amorphous form. The structure of
this class depends on long chains formed by the addition of sub-units best known as “monomers,”
in a repeated sequence. Common thermoplastics: polyethylene (PE), polypropylene (PP),

polytetrafluoroethylene (PTFE), polystyrene (PS), polyvinylchloride (PVC), amongst others [40].

3.4.2 Thermosets

Thermosets are classified as network polymers, meaning that they are heavily cross-linked.
The polymerization consists of the combination of a resin and a hardener, these two react and
harden. The structure is always amorphous due to the cross-linking during polymerization. Cross-
linking plays an important role for thermosets, they are not able to melt when heat is added. If the
polymer is exposed to a high temperature it can cause decomposition. Thermosets are good for
purposes such as polymer reinforcements, molding and hard surfacing or electrical fittings.

Common thermosets used are: epoxy, polyester, and phenol-formaldehyde.

3.4.3 Elastomers

Elastomers are also known as rubbers they are usually linear polymers. However, there are
cases where cross-links are present in the structure. The property that arises in the presence of

cross-links is the recovery of the material to its original place [41].
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3.4.4 Mechanical Behavior of polymers

There are different mechanisms that polymers can pass through, starting from brittle—
elastic at low temperatures, then to a rubbery stage and finally, to a viscous state at high
temperatures. The mechanical state of the polymer is based on the molecular weight and how close
the temperature is to its glass transition temperature (Tg). At room temperature the polymer is in a
rigid form, when heat is added, molecules tend to gain energy allowing the movement of molecules
around. Therefore, glass transition temperature (T) can be defined as the temperature required to
give freedom of mobility to molecules in a polymer been in a rigid state [39]. In order to understand
the mechanical behavior of plastics, the difference between stiffness and strength of polymers
should be understood. The stiffness is the resistance to elastic deformation, and strength is the
resistance to collapse by plastic yielding or by fracture. There are five deformation stages of

polymers shown in Figure 3.9 [39] :
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Figure. 3.9.- Five deformation stages of polymers. From [39]

-Glassy stage: In this phase of the system the polymer is below T where molecules are packed,
tightly together and in an amorphous form. Adding load causes stretching in the bonds, leading to
elastic deformation. Modulus in polymers can be increased by the orientation of molecules of the

polymer
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-Glass transition stage: During this state the temperature starts to increase causing secondary
bonds to break, additionally there is a decrease in modulus.

-Rubbery stage: In this stage the modulus is small, approximately one thousandth of the glassy
modulus. Having frequent cross-links can affect this stage; covalent bonds form three-dimensional
networks, affecting the melting of secondary bonds in the polymer.

-Viscous stage: During this stage, bonds are completely melted and polymer begins to flow. In
the case of thermoplastics due to the linear structure that they possess, the polymer has the
tendency to become viscous liquid.

-Decomposition stage: in this phase the polymer gets to a very high temperature causing the

degradation of the polymer.
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Chapter 4: Experimental Procedure

In general, the experimental procedure for this study was based on the extrusion of five
polymeric blends that varied in percentage by weight. These five polymeric blends were processed
by two extrusion systems: 1) single-screw extruder and 2) twin-screw extruder. Once the
polymeric blends from each extrusion system were obtained, tensile specimens were printed with
three raster orientations, by the use of fused deposition modeling. Mechanical testing was
performed on tensile specimens, and fracture surface analysis from the breakage part of the
specimen was analyzed by a scanning electron microscope. In addition, rheological tests was
achieved by each of the polymeric blends extruded. Finally, filament tolerances were obtained by
measuring the diameters and compare the consistency in size. During this chapter, the experimental

procedure will be explained in detail as shown in figure 4.1.

3D Print
Tensile
Specimens

Selection of Dry the
Material Material

Mechanical Rheological Filament

Fractography

Testing Test Tolerances

Figure 4.1.- Schematic of experimental procedure used during the investigation
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4.1 Material Selection

The investigation consisted on common polymeric materials such as Styrene Ethylene
Butadiene Styrene and Acrylonitrile Butadiene Styrene. The two materials were blended together

in different ratios.

4.1.1 Acrylonitrile Butadiene Styrene

One of the materials used during this analysis, was Acrylonitrile Butadiene Styrene (ABS). It is
classified as a common thermoplastic polymer, well known for its valuable properties such as high
impact strength, toughness and good surface appearance. It is composed by three main monomers:
acrylonitrile, butadiene and styrene (Figure 4.2). This thermoplastic has a wide range of
applications, such as pipe fittings, automotive interior, and has become popular in FDM

technologies [42].

Acrylonitrile Butadiene
; i
FRgUomN GEpete
H H H H H
(m.w.=53.03) (mw. = 54.09)
Styrene
: !
(ll =C-H
H
(mw.=104.14)

Figure 4.2.- Chemical structure of ABS [43]

4.1.2 Styrene Ethylene Butadiene Styrene

Styrene Ethylene Butadiene Styrene is an elastomer that is able to display large strains in response
to stresses, it can be used as a replacement for rubber. It forms part of the family of styrenic block
copolymers. This elastomer is easier to process as thermoplastics when heat is added. It is well
known for its high strains and elongation ranges over 800%. Due to the properties that this

elastomer possess, it is suitable for applications such as footwear, adhesives and sealants [44].
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4.1.3 Polymeric Blends

The commercial ABS and SEBS materials that were used for this research investigation
were: (1) ABS-MG94 produced by SABIC (Pittsfield, MA)under the Cyclolac TM product line;
and (2) SEBS-g-MA FG1901-GT (Kraton, Houston, TX, USA) which its composition is combined
with approximately a 1.4%-2.0% percentage of maleic anhydride. It is necessary to dry polymeric
materials before extrusion, because they tend to absorb the humidity from the environment. For
this reason the preparation of the monofilaments started by drying the resins on a compressed air
dryer (Dri-Air CFAM Micro-Dryer, East Windsor, Connecticut, USA). Temperatures of drying
varied for both resins: (1)ABS MG94 required a drying temperature of 80°C for a period of time
of two hours; on the other hand, (2) SEBS-g-MA Kraton FG1901-GT was dried at a temperature
of 60°C for one hour. All of the temperatures were based on manufacturer-supplied material data
sheets, and literature research. After the materials were dried, they were extruded on a single-screw
extruder Filabot EX2 (Barre, VT, USA) and a Dr. Collin twin-screw extruder/compunder (Model
ZK 25 T, Dr. Collin GmbH, Eberseberg, Germany) (Figures 4.4 and 4.5). The five polymeric
blends that were extruded using the two extrusion systems are listed in Table 4.1. Finally, it is
important to mention that the same spooler and water bath was used for both extrusion systems,
only the extrusion systems differed, this was with the intention to keep all the parameters the same

except for the extruder systems.

Table 4.1. Compositions for ABS-MG94/SEBS-g-MA blends elaborated on a single-screw
extruder and a twin-screw screw extruder.

Filabot EX2 single-screw extruder Dr. Collin twin-screw extruder
ABSMG94 100% ABSMG94 100%
ABSMG94: SEBS-g-MA 75:25 ABSMG94: SEBS-g-MA 75:25
ABSMG94: SEBS-g-MA 50:50 ABSMG94: SEBS-g-MA 50:50
ABSMG94: SEBS-g-MA 25:75 ABSMG94: SEBS-g-MA 25:75
ABSMG94: SEBS-g-MA 10:90 ABSMG94: SEBS-g-MA 10:90
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Figure 4.5.- Polymer extrusion Lab Filabot EX2 single-screw extruder/compounder
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4.2 Extrusion

Extrusion temperatures and pressures on the Dr. Collin twin-screw extruder/compounder

varied depending on the ratios of the material. Table 4.2 lists in detail the parameters used to

extrude the polymeric blends on the twin-screw extruder. On the other hand, the extrusion process

was simpler for the single-screw system; because there was only one temperature zone. The only

controllable variable was the temperature. Instead, the parameters that were needed to take care of

for the single-screw extruder were: extrusion temperatures and the diameter size required to feed

the desktop printer. The different temperatures used in for the Filabot extruder are represented in

table 4.3; as noticed, the increase in temperatures is required as the incorporation of SEBS

increases in the polymeric matrix in order to favor mixing of both polymers [45]. In addition, the

diameter sizes from each extrusion differ, the die diameter for the single-screw extruder is 2mm;

whereas the die diameter for the twin-screw extruder is 3mm.

Table 4.2. Extrusion parameters for the ABS-MG94/SEBS-g-MA blends extruded with the Dr.

Colling twin-screw extruder compounder.

Material Temp. Temp. Temp. Temp. Temp. Temp. RPM  Pressure Melt
zonel zone2 zone3 zone4 zone5 zone6 main main pump
ABS:SEBS  (-C) (C) (0) (0O) (C) (0) Screws pressure

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

Table 4.3. Extrusion parameters for the ABS-MG94/SEBS-g-MA blends extruded with the
Filabot maker single-screw extruder compounder.

Material Extrusion Temperature

(°C)
ABS : SEBS

100:0 210
75:25 210
50:50 215
25:75 215
10:90 215

30




4.3 Tensile Specimens

Specimens were fabricated, through the use of a desktop 3D printer; Lulzbot Taz 5 (Aelph
Objects Inc, Loveland, Colorado USA). In order to perform tensile testing, the specimens were
printed following specifications of Type V ASTM-638. All of the specimens were printed using a

nozzle diameter of 0.6mm (Figure 4.6).

9532318

12721

1622025

|
9532318

> -«
32204

< 25425 —p

< 635X >

All dimensions in mm

Figure 4.6.-Type V specimen dimensions [45]

As previously mentioned, tensile specimens were 3D printed with five polymeric blends
(Table 4.1) using three raster angles on a XYZ plane. These raster angles consisted on: 0°/90°,
+45°/-45° and 90°, with a 100% infill and raster height of 0.27mm (Figure 4.7). Printing
temperatures varied, depending on each material as shown in Table 4.4. As indicated in table 4.4
the temperatures increased from 230°C to 295°C as the percentage of SEBS increased in the
polymer matrix. The parameters of printing were maintained the same for all of the extruded

monofilaments by the two extrusion systems.
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Figure 4.7.- Tensile specimen design with different raster angles

Table 4.4. Printing parameters for the ABS-MG94/SEBS-g-MA blends extruded with single-
screw extruder and twin-screw extruder compounder.

MATERIAL NOZZLE BED

ABS : SEBS TEMPERATURE TEMPERATURE
100:0 230 110
75:25 250 110
50 : 50 250 110
25:75 260 110
10: 90 295 110

32



4.4 Tensile Test

Tensile testing was executed by the use of an Instron 5866 (Instron, Norwood, Massachusetts,
USA) tensile testing machine equipped with a 10kN load cell, and a speed of 10mm/min with a
temperature of 24°C as indicated in the ASTM D638-10 [46].

A quantity of ten tensile specimens were printed and tested (Figure 4.8). The test was carried out
for each of the polymer blends that were extruded. A comparison of stress, strain and Young’s
modulus results were obtained and compared among the different extrusion systems and raster

angles used for the study (Figure 4.9).

Figure 4.8.- Tensile specimens 3D printed for tensile test

4.5 Rheological Test

The rheological test was achieved by the use of a Tinius Olsen MP1200 melt flow indexer
(Tinius Olsen, Horsham, Pennsylvania, USA). The test was conducted following ASTM D1238-
13 standard (procedure A) [47]. Melt flow index is a technique that measures the weight of a
polymer that is able to flow through a die of the instrument for a certain period of time. In order
for the polymer to flow there are two parameters to take into account: weight and temperature
(Figure 4.9). The weight will be in charge to produce a force, which creates the flow in the system.

Temperature on the other hand, will melt the polymer that is inside, for this reason temperature is
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dependent on the material that is being tested. Based on the ASTM standard, approximately 7g of
each blend were placed in pellet form into the instrument, followed by a weight load of 3.8g. The
temperature used to melt all the samples was 230°C, and each sample was melted for a period of
ten minutes. After those ten minutes samples were collected and weighted. The measured weights
were recorded by the instrument and this one was able to provide final records with respect to the

amount in grams, collected in ten minutes.

Figure 4.9.- Polymer Extrusion Lab Melt Flow Index instrument

4.6 Filament Tolerances

The diameter of each of the filaments was measured in order to observe the precision of
the extrusion process. A length of 50cm was taken for each of the filaments were five
measurements from the diameters were taken, in order to observe the consistency of the diameter
size throughout the filament. Averages and standard deviations were calculated for each diameter

of the filaments with their respective system of extrusion.
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4.7 Fractography

Finally, a fractography study was performed by using a Hiachi TM-1000 scanning electron
microscope (SEM; Hitachi High-Technologies Europe GmbH, Germany) to analyze the fracture
surfaces of each tensile specimen. The surface from the samples tested were gold coated with a
JEOL Smart Coater (JEOL, Peabody, MA, USA). This sample preparation was performed to
reduce electron charging because the samples were non-conductive. The study aided the
understanding of failure modes from all the elastomeric blends according to the raster orientation

and blend ratios applied.
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Chapter 5: Results

5.1 Tensile Testing Results

The main metric for this study was tensile testing of 3D printed test specimens. In this
section, tensile test results are presented for each extrusion process with their respective raster
orientation used. The results will be presented and discussed in the following order:

-Five blends with raster orientation of +45°/-45°: UTS and strain at break

- Five blends with raster orientation 0°/90°: UTS and strain at break

- Five blends with raster orientation 90°: UTS and strain at break

5.1.1 Comparison of +45%/-45° raster angle between two extruder systems

The ultimate tensile stress (UTS) results obtained by the use of five polymeric blends are
displayed in Figure 5.1. As the percentage of SEBS in the polymeric matrix was increased the UTS
decreased, this trend was the same for the two extrusion systems. However, the results are different
when the two process of extrusion are compared. The graph seen in Figure 5.1, clearly shows that
the UTS values are slightly lower in three of the blends extruded with the single-screw extruder
compared to values from the blends fabricated in the twin-screw extruder. In the case of 100%
ABS-MG9%4 and 25% SEBS-ABS, values were 1-4% higher for filaments extruded with the Filabot
to those with the Collin not a significant difference. In the case of blends containing 50%-90%
SEBS-ABS the difference in between values was greater ranging from 13%-39% of difference,
where the twin screw extruder (Collin) had predominance with higher values compared to the
single screw-extruder (Filabot). The trend for both extrusion systems behaved the opposite for the
tensile strain values compared to the ones for the ultimate tensile stress. Values increased as the
percentage of SEBS increases in the polymeric matrix; these increase in values was observed for

the two extrusion systems. This can be understood by the fact the percentage or amount of SEBS
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is increasing into the matrix producing a more elastic blend, thus increasing the percent elongation
in the system. Comparing the two extrusion systems, the twin-screw extruder demonstrated larger
% elongation values compared to those provided by the single-screw extrusion system. It can be
demonstrated that the percentage difference was high especially for percentages of 50%, and 75%
SEBS-ABS with a percent difference of 52% and 78% respectively.

Ultimate Tensile Stress (MPa)

Collin vs. Filabot
+45°/-45° Raster Angle
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Figure 5.1.- UTS of single and twin screw-extruder systems with a raster angle of +45°/-45°
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Figure 5.2.- Tensile Strain of single and twin-screw extruder systems with a raster angle of
+45°/45°
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5.1.2 Stress-strain curves

The following graphs are representative stress-strain curves obtained from tensile
specimens that were 3D printed using a +45/-45 raster angle. Figure 5.3 illustrates the behavior of

single-screw extruded tensile specimens. On the other hand, Figure 5.4 illustrates the behavior of

twin-screw extruded tensile specimens.
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Figure 5.3.- Representative stress-strain curves of rubberized blends with a raster patter of
+45°/45° single-screw extruder. (a) 100% ABS, UTS = 32.56, %EI = 3.25; (b)
25% SEBS-ABS, UTS = 21.17, %EI = 17.48; (c) 50% SEBS-ABS, UTS =
14.52, %EI = 55.32; (d) 75% SEBS-ABS, UTS = 10.19, %EI = 164.64; (e) 90%
SEBS-ABS, UTS =10.17, %EIl = 1300.21.
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(a) 100% ABS (b) 25% SEBS-ABS
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Figure 5.4.- Representative stress-strain curves of rubberized blends with a raster patter of
+45°/45° twin-screw extruder. (a) 100% ABS, UTS = 33.25, %EI = 8.71; (b)
25% SEBS-ABS, UTS =19.01, %EI = 21.80; (c) 50% SEBS-ABS, UTS =

16.76, %EI = 115.81; (d) 75% SEBS-ABS, UTS = 16.28, %EI = 722.30; (e) 90%
SEBS-ABS, UTS = 14.71, %EIl = 1915.16.
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5.1.3 Comparison of 0°/90° raster angle between two extruder systems

Interpreting the ultimate tensile stress results for the 0°/90° raster angle (Figure 5.5 and
5.6), it can be observed that the trend decreases within the addition of SEBS in the matrix as it was
presented on results analyzed in section 5.1.1. The decrease of UTS values occurs in both systems
of extrusion, when relating these two. It is presented that values of twin-screw extruder system
have to some extent predominance in contrast to the single-screw extruder systems. The UTS stress
results are close to each extrusion system for percentages of 100% ABS-MG94, 25% SEBS-ABS
and 50% SEBS-ABS. Percentages of 75% SEBS-ABS and 90%SEBS-ABS demonstrated higher

dissimilarity in between values, the percent variance was 29% and 27% respectively.
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Figure 5.5.- UTS of single and twin-screw extruder systems with a raster angle of 0°/90°
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On the other hand, tensile strain at break indicated that the addition of SEBS also has an
impact in the recorded results (Figure 5.6). The trend for this raster angle showed that the strain is
increased as the percentage of SEBS increases, this is showed for both extrusion systems as well.
The greater differences in values were for the percentages of 75% and 90% SEBS, an average of
28% of difference among values is present for these to blends in between the extrusion systems.
However, for all of the polymeric blends that were extruded in the twin-screw extrusion system,
had higher tensile strain values. It is noticeable that not only the effect of extrusion systems made

a difference with respect to results, but the raster angle that was used.
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Figure 5.6.- Tensile Strain of single and twin-screw extruder systems with a raster angle of 0°/90°
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5.1.4 Stress-strain curves

The following graphs are representative stress-strain curves obtained from tensile
specimens that were 3D printed using a 0°/90°raster angle. Figure 5.7 illustrates the behavior of

single-screw extruded tensile specimens. On the other hand, Figure 5.8 illustrates the behavior of

twin-screw extruded tensile specimens.
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Figure 5.7.- Representative stress-strain curves of rubberized blends with a raster angle of
0°/90° single-screw extruder. (a) 100% ABS, UTS = 34.31, %EIl = 10.71; (b)
25% SEBS-ABS, UTS = 19.69, %EI = 4.47; (c) 50% SEBS-ABS, UTS = 13.93,
%El = 52.65; (d) 75% SEBS-ABS, UTS = 9.50, %EI = 81.29; (e) 90% SEBS-
ABS, UTS =10.03, %EI = 842.87.
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Figure 5.8.- Representative stress-strain curves of rubberized blends with a raster angle of
0°/90° twin-screw extruder. (a) 100% ABS, UTS = 40.99, %EI = 8.92; (b) 25%
SEBS-ABS, UTS = 21.86, %EI = 10.39; (c) 50% SEBS-ABS, UTS = 14.10, %EI
= 40.13; (d) 75% SEBS-ABS, UTS = 13.18, %EI = 333.72; (e) 90% SEBS-ABS,
UTS = 10.61, %EI = 1475.70.
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5.1.3 Comparison of 90° raster angle between two extruder systems

In 3D printing, the raster angle of 90° is also known as Faux Vertical (FV), this one mimics
the actual vertical direction of printing, instead of be printed on the XYZ direction it is printed on
the XYZ but using a 90° angle [48]. The decrease in UTS trend that has been present on section
5.1.1 and 5.1.2 is followed up on the last raster angle for this study. However, values in blends
containing 50%, 75% and 90% SEBS-ABS were much lower values compared to the +45°/-45°
and 0°/90° degree raster angle. The values obtained for this specific raster angle showed the highest
difference for the 75% SEBS-ABS showing a difference of 33% lower, using the single-screw
extruder compared to the twin-screw extruder. The rest of the values did not show that much of a
difference in between values.

The results for the tensile strain for this raster angle followed the trend of the previous
raster angles analyzed. However, the predominance of the use of the twin-extruder system made a
bit difference for values of polymeric blends containing 50%, 75% and 90% SEBS-ABS.
Approximately, a decrease of 14% in blends of 50% and 75% SEB-ABS was reported for tensile
strain results, using the single-screw extruder system. On the other hand, the greatest variance was
the one in the 90% SEBS-ABS amongst all the values obtained from this test. Values showed a
decrease of 52% of the strain at break with the use of the Filabot extruder compared to the Collin
extruder.

Overall, the filaments extruded with the single-screw extruder were not favored, in the case
of tensile specimens printed using faux vertical as the raster angle. Values decreased within the
increment of the elastomer in the polymeric matrix. In addition, comparing the mechanical testing
in all the raster angles acquired, the use of the Collin extruder provided higher values for all the

blends. However, it is noticeable that as the addition of SEBS increases especially after 50%SEBS-
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ABS blends, the mechanical properties from the blends extruded in the Filabot decreases

drastically in tensile strain, approximately 50% less than the values provided by the blends

extruded in the Collin extruder.
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Figure 5.9.- UTS of single and twin-screw extruder systems with a raster angle of 90°
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Figure 5.10.-Tensile Strain of single and twin-screw extruder systems with a raster angle of 90°
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5.1.4 Stress-strain curves

The following graphs are representative stress-strain curves obtained from tensile
specimens that were 3D printed using a faux vertical raster direction. Figure 5.11 illustrates the
behavior of single-screw extruded tensile specimens. On the other hand, Figure 5.12 illustrates the

behavior of twin-screw extruded tensile specimens.

(a) 100% ABS (b) 25% SEBS-ABS
40 20
&£ 30 £ 15
= =
=20 =10
210 g s
7] 5]
0 0
0 5 10 15 0 2 4 6
Strain (%) Strain (%)
(c) 50% SEBS-ABS (d) 75% SEBS-ABS
10 8
£ 8 £6
Z s =
2 4 24
L i)
& 2 A
0 0
0 5 10 15 20 0 50 100 150
Strain (%) Strain (%)

90% SEBS-ABS

o

Stress (MPa)
[w] 8] R [e)] (o]

o

200 400 600 800 1000
Strain (%)

Figure 5.11. - Representative stress-strain curves of rubberized blends with a faux vertical
raster orientation (raster angle of 90°) single-screw extruder. (a) 100% ABS,
UTS = 34.22, %EI = 8.92; (b) 25% SEBS-ABS, UTS = 14.08, %EI = 5.53; (c)
50% SEBS-ABS, UTS = 8.87, %EI = 16.84; (d) 75% SEBS-ABS, UTS = 6.78,
%EIl = 116.81; (e) 90% SEBS-ABS, UTS = 7.46, %EI = 826.45.
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Figure 5.12. - Representative stress-strain curves of rubberized blends with a faux vertical
raster orientation (raster angle of 90°) twin-screw extruder. (a) 100% ABS, UTS
= 29.05, %EIl = 7.50; (b) 25% SEBS-ABS, UTS = 15.55, %El = 7.77; (c) 50%
SEBS-ABS, UTS =9.09, %EI = 82.66; (d) 75% SEBS-ABS, UTS = 10.21, %EI
= 814.83; (e) 90% SEBS-ABS, UTS =7.32, %EIl = 1688.83.
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5.1.4 Polymeric blends extruded with a twin-screw extrusion system

During the last sections comparison, in between each polymeric blend was made with the

respective raster angle as well as the system of extrusion used. This section will be intended from

mechanical testing results using the twin-screw extrusion system. Table 5.1 contains a summary

of the results acquired for each polymeric blend and the raster angle used during the analysis.

Beginning with 25% SEBS-ABS, UTS was dominated by the 0°/90° raster angle. It was not the

same case for the tensile strain though, raster angle of +45°/-45° was the one with higher tensile

strain.

Table 5.1. Tensile test results from monofilaments extruded on the twin-screw extruder along
with their respective printed raster orientation.

MATERIAL YOUNG’S MODULUS ULTIMATE TENSILE TENSILE STRAIN
(MPA) STRESS AT BREAK (%)
(MPA)

25%SEBS-ABS
+45°/-45°
0°/90°
90°
50%SEBS-ABS
+45°/-45°
0°/90°
90°
75%SEBS-ABS
+45°/-45°
0°/90°
90°
90%SEBS-ABS
+45°/-45°
0°/90°
90°
1009%ABS
+45°/-45°
0°/90°
90°

Average (Collin)

1542.52 + 346.31
1657.84 + 253.72
1166.15 + 202.75

616.54 + 62.87
853.84 + 61.99
238.33 + 32.63

153.78 + 28.05
168.69 + 33.93
17.62 +7.01

29.45 + 26.49
27.65*14.40
5.88+3.21

2374.25 + 187.56
3002.00 + 405.03
2022.59 + 127.37
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Average(Collin)

20.37 +£2.00
22.68 £ 0.59
15.49 £ 0.53

16.21+£0.48
14.30 + 0.27
9.04+£0.41

16.44 + 0.69
14.23+0.90
10.14+0.70

17.84+2.11
14.14 + 3.63
7.69+0.77

33.38 + 2.53
38.58 £ 1.69
29.72+2.16

Average (Collin)

21.56 +4.09
9.59 +7.22
7.93+0.72

117.25 + 16.89
40.51 +7.37
78.02 +11.33

783.43 +84.74
437.21 +59.93
823.60 + 59.18

1844.07 + 189.10
1444.41 + 68.98
1613.64 + 123.85

9.15+2.58
9.81+4.15
6.11 +1.16



Results for the 50% SEBS-ABS showed higher values in UTS for the +45°/-45° raster
angle, and for strain at break +45°/-45° raster angle was predominant with a 117.25%. Interest
feature showed for the polymeric blend of 75% SEBS-ABS is that +45°/-45° raster angle had the
higher UTS amongst all of the raster angles used for the test. However, for the tensile strain the
raster angle with the highest strain is the faux vertical, this value was not that greater than the one
presented for the +45°/-45° raster angle, it was 5% smaller. In the case of 90%SEBS-ABS, values
UTS and strain at break were predominant for raster angle +45°/-45°. Finally, for the 100% ABS
polymeric blend values were higher for the raster angle of 0°/90° with no that much of difference
in raster angle of +45°/-45°. Overall, values with the higher values in UTS and strain were

presented in raster angles of +45°/-45° and 0°/90°.

5.1.5 Polymeric blends extruded with a single-screw extrusion system

The purpose of the following section will be to compare mechanical testing results of
polymeric blends extruded in the single-screw extrusion system. Filaments with composition of
25%, 50%, 75%, and 90% SEBS-ABS were favored by using a raster orientation of +45°/-45°,
Values obtained for UTS and strain at break were higher. Followed with the use of 0°/90° raster
angle with a minimum difference amongst values. During the use of this extrusion system the trend
was not the same in the case of polymer blend containing 100% ABS-MG94 for some reason the
results were very close to each other but the predominance was for the faux vertical, followed up
with the 0° /90° and +45° /-45° respectively. Overall, as indicated in sections 5.1.1 and 5.1.2,
values for the use of the twin-screw extruder were higher than the ones with the use of the single-
screw extruder. However, with regards of raster patterns used in each separate extrusion system,
it seems that for both the +45° /-45° provided higher values for both, UTS and strain at break

followed up with 0°/90°.
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Table 5.2. Tensile test results from monofilaments extruded on the single-screw extruder along
with their respective printed raster orientation.

MATERIAL MODULUS YOUNGS ULTIMATE TENSILE STRAIN
(MPa) STRESS (MPa) AT BREAK
Average (Filabot) Average(Filabot) Average (Filabot)
25%SEBS-ABS
+45°/-45° 1324.18 + 113.33 21.19+£0.65 20.66 £ 6.33
0°/90° 1639.97 £ 314.70 19.32+0.58 439 +232
90° 1031.98 + 186.63 15.05 £ 1.65 516+ 1.16
50%SEBS-ABS
+45°/-45° 678.87 + 37.29 14.07 £ 0.59 56.16 + 11.43
0°/90° 844.09 £ 58.09 14.22 +1.05 45.38 + 12.41
90° 348.04 + 30.29 9.07£0.93 15.31+4.38
75%SEBS-ABS
+45°/-45° 465.16 + 33.86 10.35 £ 0.42 168.07 £ 34.73
0°/90° 608.68 + 136.26 10.08 + 0.49 81.62+£8.73
90° 146.37 + 24.20 6.82 £ 0.52 118.67 + 6.39
90%SEBS-ABS
+45°/-45° 145.38 + 39.00 10.78 £ 1.24 1262.59 + 67.52
0°/90° 311.41+114.69 10.37 £ 0.98 1033.73 £ 193.31
90° 38.78 + 4.54 8.15+0.48 836.14 + 106.89
100%ABS
+45°/-45° 2717.29 £ 210.91 33.90+4.21 6.67 +4.81
0°/90° 2373.43 + 306.37 33.92+20 8.98+2.19
90° 2187.56 £ 637.23 35.98 + 1.51 9.00+1.14
5.2 Rheological Results

Rheological results were obtained through the use of a melt flow indexer as previously
mentioned. The results listed in table 5.3 showed a comparison between all of the polymeric blends
with their respective extrusion systems. Results for 100% ABS-MG94 and 25%SEBS-ABS are
close to each other by the use of two extrusion systems, a slight difference of 0.71g/10min and 0.2
g/10min respectively was registered. It is notable that the trend was not followed for the rest of the

polymeric blends. Starting with 50% SEBS-ABS the twin-screw extruder showed a greater weight
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(g/10min) than the weight obtained by the use of a single-screw extruder, difference in weight in

between both values was of 12.11 g/10min.

Table 5.3. Melt Flow Index Results

Material Filabot g/10min Collin g/10min
ABS MG94 14.04 14.75
25 SEBS-ABS 19.5 19.7
50 SEBS-ABS 17.78 29.89
75 SEBS-ABS 20.65 16.38
90 SEBS-ABS 16.86 13.86

The opposite trend was encountered with the polymeric blend composed of 75% SEBS-
ABS, the greatest amount was for the single-screw compared with the twin-screw extruder. Using
the single-screw extruder 20.65g/10min was recorded as for the twin-screw extruder 16.38g/10min
making a difference of 4.7g/10min. Finally, for the 90% SEBS-ABS blend the results were
dominated by the use of the single screw extruder with a 16.86g/10min compared to 13.86g/10min
in the twin-screw extruder. If the results are observed separately within each extrusion system, the
single-screw extruder showed an increase in values when the percentage by weight of SEBS
increased, when it reached to 50%SEBS-ABS there was a little decrease in weight and then
increased again and decrease on the final blend (90%SEBS-ABS). This features support the
mechanical test results, indicating that the performance of each extrusion systems behaves
differently for flexible materials.

On the other hand, for the twin-screw extruder, values increased with the addition of SEBS
in the polymeric matrix as well, the highest value was for the 50% SEBS-ABS with a
29.89g/10min. It was not the same case for the blends of 75% SEBS-ABS and 90%SEBS-ABS,
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values decreased to 13g/10min. Overall, values were not close between the two extrusion systems
within the incorporation of SEBS into the blends. Once the addition starts increasing values start
to differ in a dissimilar manner. Based on this it can be observed that each system of extrusion

behaves different within the addition of SEBS.

Based on a rheological study [45], theoretical values can be obtained by using Fox’s law-type of
equation and Law of averages-type approach, with the purpose to compare values reported by the
melt flow index. Fox’s law was used to calculate the glass transition temperature (Tg) of a blend
is represented by the equation [49]:

1 X1

==+
TgBlend Tgl ng

(1)

X1 and X2 represent the weight fraction of each individual polymer. It is conceivable that the melt
flow index of the blend can be calculated based the well-known Fox’s law:

1 _ XX
MFlgienqg MFl;  MFI,

(2)

In addition, a law of averages-type can be solved to predict the MFI of the binary blend by:
MFIBlend - leFll + szFIZ (3)

In order to solve for the equations above, the melt flow index from baseline ABS-MG94 and SEBS

were obtained. Values theoretically calculated by the use of the well-known Fox’s law and law of

averages-type formulas are reported in Tables 5.4 and 5.5.

52



Table 5.4. Melt Flow Index actual and theoretical results from filaments extruded in the twin-
screw extruder.

Material Collin Fox's law- Law of
0/10min type averages-type
calculation calculation

SEBS-g-MA 15.68

ABS MG-94 14.75

25 SEBS-ABS 19.70 14.98 14.98
50 SEBS-ABS 29.89 15.17 15.22
75 SEBS-ABS 16.38 15.40 15.44
90 SEBS-ABS 13.86 15.68 15.60

Interpreting the results in Table 5.4, it can be observed that the value of the lowest percent
by weight that was incorporated into the matrix (25%SEBS-ABS), is greater than the baseline
values reported by the melt flow index. In addition, the actual value is greater than the two
theoretical values calculated. The highest value obtained for all of the polymeric blends was the
one for the 50% by weight SEBS, with a 29.89g/10min; comparing the actual value to the
theoretical, it is higher by 14.69g/10min (averaging both of the theoretical values calculated). In
the case of 75% SEBS-ABS blend values from the MFI were very close to the ones calculated,
with a difference of 0.96 g/10min. Finally, for the polymeric blend containing 90% by weight
SEBS, there was a slight difference of 1.79g/10min. All of the polymeric blends with the exception
of 90:10 blend ratio of SEBS and ABS were higher than the baseline values and theoretical, this
indicates that rheological characteristics of the material is subjected to greater degree of SEBS

[45].
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Table 5.5. Melt Flow Index actual and theoretical results from filaments extruded in the single-
screw extruder

Material Filabot Fox's law- Law of
0/10min type averages-type
calculation calculation

SEBS-g-MA 15.68

ABS MG-94 14.04

25 SEBS-ABS 19.50 14.41 14.75
50 SEBS-ABS 17.78 14.79 14.86
75 SEBS-ABS 20.65 15.19 15.27
90 SEBS-ABS 16.86 15.50 15.51

Results obtained from blends extruded in the single-screw extruder, showed similar pattern
compared to the ones discussed from the twin-screw extruder. Actual MFI values started to
increase with the incorporation of SEBS in the polymeric matrix. MFI values from blends
containing 25% and 50% by weight SEBS were higher than baseline and theoretical values. The
blend with higher deviation from values calculated was for 75% by weight SEBS, with an actual
value of 20.65 g/10min. On the other hand, 90% SEBS-ABS blend had a decrease of MFI value
compared to the 75% SEBS-ABS. However, the respective value of 16.86g/10min was slightly
higher than the values calculated.

Overall, theoretical values were calculated for comparison purposes with values reported
by the MFI instrument. In addition, it allowed to observe whether the blends showed characteristics
of alloying or blending. Values from both systems of extrusion did not deviate drastically from
calculated and baseline values, with the exception of 50% SEBS-ABS from the filament extruded
in the twin-screw extruder and 75% SEBS-ABS filament extruded in the single-screw extruder.
For the rest of the filaments it can be concluded that polymer blending occurred. According to

literature [45] polymer alloying can be possible in certain polymer mixture rations due to high
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deviations from theoretical values, which could be the case for blends: (1) 50%SEBS-ABS

extruded in twin-screw extruder and (2) 75%SEBS-ABS extruded in single-screw extruder.

5.3 Filament Tolerances

The diameter is an important parameter to take into account. Printing issues can arise if the
filament does not meet the required size to feed the printer nozzle. Five measurements were taken
from a length of 50cm for each of the filaments, this aided to monitor the precision of diameter
size in both extrusion processes; as mentioned before the spooler instrument was the same for both
process of extrusion. Values in Table 5.6: represent the diameter for each polymeric filament
extruded by the single-screw and twin-screw extruders.

Table 5.6. Averages of the five diameter measurements that were taken for a length of 50cm of
each of the filaments extruded in the single-screw extruder and twin-screw extruder

Material Filabot diameter (mm) Collin diameter (mm)
ABS MG9%4 1.69 £ 0.02 1.71£0.02
25 SEBS-ABS 1.67 £0.02 1.70 £ 0.03
50 SEBS-ABS 1.68 +0.02 1.71 +0.02
75 SEBS-ABS 1.68 +0.02 1.72 +0.02
90 SEBS-ABS 1.69 £ 0.02 1.70 £ 0.01

The diameter values denoted in Table 5.6 indicates that the diameter for all of the filaments ranges
from 1.67 to 1.72mm. These values were able to fit into the head of the printer, since the standard
diameter size is 1.75mm. Diameters measured by the filaments extruded in single-screw extruder
were slightly lower than the ones extruder in the twin-screw extruder. This was because the single-
screw extruder has a fixed velocity compared to the twin-screw extruder. Overall, the diameters

were within the size range, which is between 1.65mm-1.75mm.
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5.4 Fractography

Fracture surfaces were analyzed and compared from samples printed and tested. The
analysis was divided into three different categories according with the raster angle used: 45°, 0°
and 90° with their respective extrusion system. The samples selected for the study were all the
ones where the breakage occurred in the gage section. The use of a scanning electron microscope
(SEM) was fundamental for this analysis.

According to literature, there exists different fracture characteristics that differ depending
on the class of polymer that is used. For instance, a ductile mechanism is mostly present in
thermoplastics due to the arrangements and stretching of thread-like macromolecules causing high
deformation on the material. On the other hand, thermosets have a high level of cross-linkage in
between polymer chains that do not present a high deformation as in the case of thermoplastics. In
the case of elastomers, they present a small deformation in the material due to the elasticity
characteristic that they possess [50].

5.4.1 Comparison of Fracture Surface of +45°/45° raster angle between single-screw and
twin-screw extrusion system

The fracture surfaces of samples printed in the XYZ directions from baseline ABS-MG94
is represented in Figure 5.13. Observing the comparison of two processes of extrusion it can be
noticeable that they both show a brittle behavior. In figure 5.13 (b) it can be seen the crack
propagation from right hand corner up as represented with the arrows. In addition, there are some
voids in the fracture surface; as it was mentioned before it is common that they appear between

the print raster on material extrusion 3D printing.
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Figure 5.13.- Comparison of fracture surfaces of +45°/-45° raster angle: (a) 100% ABS-MG9%4
Collin (b)100% ABS-MG94 Filabot

Polymeric blends were rubberized by the increasing the percent by weight of the elastomer
in the polymer matrix. Blends containing an amount of SEBS in the matrix presented a ductile
mechanism. In other words, plastic deformation increased with the addition of SEBS (Figure 5.14
and Figure 5.15). Observing the effect of using both systems of extrusion, fracture surfaces look
very similar for the exception of the blend containing 90% by weight SEBS. The sample which
material was extruded using a twin-screw extruder, (Figure 5.15(c)) shows a slight plastic
deformation compared to Figure 5.15(d), which is the sample printed using the filament extruded
in the single-screw extruder (Filabot). This could be an indication of how different the extruders
behave when the addition of SEBS by percent weight increases. Recalling on what was mentioned
at the beginning of this section, elastomers show a very small plastic deformation which is what
the sample in Figure 5.15(c) presents in the fracture surface. In other words, fracture surface in
Figure 5.15(c) represents a brittle fracture compared to Figure 5.15(d). On the other hand, the
fracture surface in Figure 5.15(d) represents a ductile fracture mode. This can indicate that the

compounding was not the same when using a single-screw extruder for the blend 90%SEBS-ABS.
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Figure 5.14.- Comparison of fracture surfaces of +45°/-45° raster angle : (a) 25% SEBS-ABS
Collin; (b) 25% SEBS-ABS Filabot; (c) 50% SEBS-ABS Collin; (d) 50% SEBS-
ABS Filabot

Fracture surface analysis can be correlated with the mechanical results presented, as the
addition of the SEBS was made into the polymer matrix the UTS showed a significant decrease
for the single-screw extruder. The same pattern was reported for the percent elongation or strain
percent at break. This information can be relevant to understand the reason of the difference in
fracture surface of the sample printed with the filament 90% SEBS-ABS. Both, the UTS and
percent elongation values were lower for specimens printed with the filament that was produced
by the single-screw extruder. This can indicate that the compounding in the single-screw extruder

is not robust for blends with high percentage of SEBS.
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Figure 5.15.- Comparison of fracture surfaces of +45°/-45° raster angle : (a) 75% SEBS-ABS
Collin; (b) 75% SEBS-ABS Filabot; (c) 90% SEBS-ABS Collin; (d) 90% SEBS-
ABS Filabot

5.4.2 Comparison of Fracture Surface of 0°/90° raster angle between single-screw and twin-
screw extrusion system

Fracture surface for specimens printed with a 0°/90° raster angle on a XYZ direction,
showed similar features as the specimens presented for the +45°/-45° raster angle. Baseline (ABS-
MG94) fracture surface is represented in Figure 5.10; it can be observed that fractures in both
extrusion systems are brittle fractures. Due to print raster interface, fracture surfaces in Figures
5.16(a) and (b) show initiation of sites for craze indicated with the white arrows [45]. There is an
evidence of the increase of plastic deformation correlated with the increase of SEBS in the polymer

blends similar to the one presented in the +45°/-45° raster angle (Figure 5.11 and 5.12).
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Figure 5.16.- Comparison of fracture surfaces of 0°/90° raster angle: (a) 100% ABS-MG9%4
Collin (b)100% ABS-MG9%4 Filabot

Figure 5.17.- Comparison of fracture surfaces of 0°/90° raster angle : (a) 25% SEBS-ABS
Collin; (b) 25% SEBS-ABS Filabot; (c) 50% SEBS-ABS Collin; (d) 50% SEBS-
ABS Filabot
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Figure 5.18.- Comparison of fracture surfaces of 0°/90° raster angle : (a) 75% SEBS-ABS
Collin; (b) 75% SEBS-ABS Filabot; (c) 90% SEBS-ABS Collin; (d) 90% SEBS-
ABS Filabot

Comparing the two systems of extrusion, the fracture surfaces look very similar to each
other with the exception of 75% and 90% by weight SEBS. Observing at Figure 5.18 (a) and (b),
it can be noticeable that there higher plastic deformation in the sample printed with filament
produced from the single-screw extruder. However, there are not contingent with the results from
the mechanical testing. The percent elongation is much higher in the specimen printed, from the
filament produced with the twin-screw extruder than the one with the single-screw extruder. It is
the same case for the blend containing 90% by weight SEBS Figure 5.18 (c) represents a brittle

fracture mode compared to the Figure 5.12 (d), when in the mechanical test results the percent
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elongation is greater for the filament extruded with twin-screw extruder compared to the single-
screw extruder. The explanation of this feature could be that the blend contains mostly SEBS so it
will have a high elongation causing a reduction in the cross-sectional area of the specimen. In
addition, the elongation presented caused strain hardening effect on the polymer leading to a brittle

fracture mode [45].

5.4.3 Comparison of Fracture Surface of 90° (faux vertical) raster angle between single-screw
and twin-screw extrusion system

The fracture surface for baseline (ABS-MG94) specimens with a faux vertical raster are
represented in Figure 5.19. Compared to the fracture surfaces previously analyzed for raster angles
of 0° and 45° are similar with respect of the fracture mode, it is a brittle fracture mode. On the
other hand, a different feature was found on the fracture surface that was not present in previous
raster angles. Both systems of extrusions showed a cleavage stop, which commonly occurs in
brittle factures [51]. This cleavage stop indicates the direction of propagation in the fracture surface

from the two samples, represented in Figures 5.19 (a) and (b) with white arrows.

Figure 5.19.- Comparison of fracture surfaces of 90° (faux vertical) raster angle: (a) 100% ABS-
MG94 Collin (b)100% ABS-MGY4 Filabot
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Figure 5.20.- Comparison of fracture surfaces of 90°(faux vertical) raster angle : (a) 25% SEBS-
ABS Collin; (b) 25% SEBS-ABS Filabot; (¢) 50% SEBS-ABS Collin; (d) 50%
SEBS-ABS Filabot

Plastic deformation increased within the addition of SEBS into the polymeric matrix, which
was previously observed with the rest of the raster patterns. Ductile fracture surfaces are
represented in Figures 5.14 and 5.15. According to literature, a raster angle of 90° can be consider
to be transversal which tends to have multiple fracture planes [48]. Figures 5.14 (a) and (b) showed
a multiple fracture planes in the middle part of the specimens. Where Figures 5.14 (b) and (d)
showed the presence of fibrils during the breakage of the sample. Fibrils usually indicate the stretch
of carbon bonds in the system, due to the loading source that is been applied to break the tensile
specimen. The highest plastic deformation was shown in Figure 5.15 since is all the samples are

the ones with the higher percentage by weight of SEBS.

63



Figure 5.21.- Comparison of fracture surfaces of 90° raster angle : (a) 75% SEBS-ABS Collin;
(b) 75% SEBS-ABS Filabot; (c) 90% SEBS-ABS Collin; (d) 90% SEBS-ABS
Filabot

Figure 5.21(a) shows less plastic deformation than Figure 5.21(b), when the percent of elongation
of specimens printed with filaments extruded from Collin was greater with 823.60% than in the
Filabot 118.67%. The same feature is observed with specimens containing 90% by weight SEBS,
plastic deformation is greater in specimens printed with filaments extruded with the Filabot than
the Collin. This is similar to previous raster angles leading into the conclusion that brittle fracture
is present in blends composed of 90%SEBS-ABS due to reduction of cross-sectional area of the
specimen and strain hardening. Unfortunately, this did not occurred for filaments produced by the
single-screw extruder leading the idea that the performance in compounding in the single-screw

extruder is different than the twin-screw extruder [45].
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Chapter 6: Conclusions

The aim of this study was to compare two extruder systems for 3D printer filament
fabrication, to lead researchers a reference for the selection of their equipment. The two extruder
systems that were compared consisted of: 1) a desktop grade single-screw extruder; and 2) an
industrial grade twin-screw extruder. Differences between their performance and quality of mixing
were studied by the extrusion of a rubberized blend of acrylonitrile butadiene styrene (ABS) mixed
with styrene ethylene butylene styrene (SEBS). Different ratios were compounded in each
extrusion system. Filaments were used to 3D print tensile specimens with raster angles of 45° 90°
and 0°, to perform and compare mechanical testing. A rheological test was performed in filaments
extruded in both systems of extrusion. Tolerances of filaments was important in order to record
their diameters and deviations from the standard diameter required to feed the head of the printer.
Finally, fracture surface was evaluated for all of the broken specimens to analyze differences of
fracture modes between the extrusion systems and the difference in raster angles.

Mechanical results allowed to analyze the performance from both extrusion systems and
differences in values between raster angles. The ultimate tensile strength (UTS) and percent
elongation (%EI) results from the twin-screw extruder predominated compared to results acquired
from the single-screw extruder. The greatest deviation amongst values were noticeable as the
incorporation of SEBS-g-MA increased, mainly in 50%, 75% and 90% by weight. It can be
concluded that the twin-screw extruder has higher performance than the single-screw extruder, for
the fabrication of flexible materials containing high ratios of SEBS into ABS. In regards of raster
angles for each system of extrusion, it was observed that values were higher for angles of +45°/-

45° and 0°/90°. Faux vertical specimens that were tested, show results with lower values for UTS
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and %EI compared to the rest of the raster angles. Higher mechanical properties can be achieved
by the use of 45° and 90° raster angles, when using rubberized materials for 3D printing.

The rheological tests allowed to understand characteristics of blending and alloying in the
polymeric matrix with respect to all of the ratios extruded. Melt flow index values obtained for
each process of extrusion, were very similar for blends: 100% ABS-MG94 and 25% SEBS-ABS.
However, they varied when the addition of SEBS was increased to an amount greater than 25%.
This is an indication that the extruders perform differently with respect to mixing rubberized
materials. Theoretical values were calculated, there was not a big deviation in values except for
blends: 50% SEBS-ABS twin-screw extruder and 75% SEBS-ABS in the single-screw extruder.
The higher deviations for these two filaments is an indication of alloying instead of blending. On
the other hand, the rest of the filaments were close to baseline values and theoretical values as
well, this indicates the characteristic of blending.

Tolerances from the diameters of the polymer filaments extruded, was another analysis that
was done for this study. As mentioned before, the tests consisted on the evaluation of the filament’s
diameter, with the purpose to observe the precision and quality of the filament. During the two
process of extrusion it was easier to control the diameter in the twin-screw extruder, due to the fact
that the system counts with velocity controllers that allow adjustments in order to achieve the
standard diameter required by the 3D printer. In the case of the single-screw extruder, controlling
the diameter is not as easy as the twin-screw extruder, the only velocity that can be fixed is the one
present in the spooler. The diameter values indicated by the single-screw extruder were lower than
the ones obtained by the twin-screw extruder. The standard deviation from each system of

extrusion was small, which indicates that diameters were constant for extrusion system. In
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addition, even though diameters in the single-screw extruder were lower that twin-screw extruder,
they all were closer to the standard diameter which is (1.75mm).

Fractography analysis was achieved by the use of scanning electron microscope. Fracture
surfaces of tensile specimens that were 3D printed and tested were evaluated. The specific section
of interest was the point of failure of the specimen. For all of the raster patterns used for the study,
plastic deformation was prominent in filaments with high of percentages by weight of SEBS. In
the case of 100% ABS-MG94, the main failure feature encountered was a brittle fracture mode.
Filaments containing 90% by weight SEBS, were the ones with the most differences in fracture
surface characteristics when comparing the two extruder systems.

According on tensile data reported for this study, the percent elongation of all the 90% by
weight SEBS was higher in both systems of extrusion; however greater values were obtained for
filaments extruded on the twin-screw extruder. As mentioned before, based on the fracture mode
trend that was shown in SEM images within the addition of SEBS, it could be predictable that
higher the plastic deformation will be for the higher loading used for the study (90% wt. SEBS-
ABS). However, for the twin-screw extruder all the specimens presented a brittle fracture, which
is expected for flexible materials that undergo trough a significant amount of plastic deformation.
Brittle fractures occurred in flexible materials due to higher percent of elongation, meaning that a
reduction of cross-section area is occurring in the specimen creating an instant fracture.

It is notable that a brittle fracture mode did not occurred for specimens that were printed
with filaments extruded in the single-screw extruder; plastic defamation was encountered instead.
This could be another evidence that the behavior of two extruders is different with respect to the
mixing when the amount of elastomer in the mixture is increased. Finally, fracture modes for faux

vertical specimens containing 100% ABS-MG94 showed a feature that was not present in
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specimens with raster angles of 45° and 90° with the same material. Even though they presented
brittle fracture modes the specimens with a faux vertical raster showed a cleavage stop indicating
the direction of fracture propagation on the surface.

Overall, comparison of the performance or single-screw extruder and twin-screw extruder
was achieved by the different tests discussed throughout this chapter. As it was hypothesized at
the beginning of this analysis the performances of twin-screw extruder is better compared to
single-screw extruder in terms of mixing. Most of differences between both extrusion systems was
observable due to the increase of percent by weight SEBS-g-MA. However, single-screw extruder
can be used for the extrusion of single materials, since less differences were encountered with

respect to baseline material and 25% SEBS-ABS.
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