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Abstract

Material extrusion based additive manufacturing (AM) technology, such as fused
deposition modeling (FDM), is gaining popularity with the numerous 3D printers available
worldwide. FDM technology is advancing from exclusively prototype construction to achieving
production-grade quality. Today, FDM-fabricated parts are widely used in the aerospace
industries, biomedical applications, and other industries that may require custom fabricated, low
volume parts. These applications are and were possible because of the different production grade
material options (e.g., acrylonitrile butadiene styrene (ABS), polycarbonate (PC),
polyphenylsulfone (PPSF), etc.) available to use in FDM systems. Recent researchers are exploring
other material options including polycaprolactone (PCL), polymethylmethacrylate (PMMA),
composites containing ceramic, glass and metal fillers, and even metals which depict the
diversified materials and possibility of new material options using FDM technology.

The understanding of the behavior and mechanical properties of the finished FDM-
fabricated parts is of utmost importance in the advancement of this technology. The processing
parameters, e.g., build orientation, raster width (RW), contour width (CW), raster angle (RA), and
raster to raster air gap (RRAQG) are important factors in determining the mechanical properties of
FDM fabricated parts. The work presented here focused on the mechanical properties improvement
by modifying those build parameters. The main concentration is on how modifying those
parameters can improve ultimate tensile stress (UTS), Young’s modulus, and tensile strain of the
final product. In this research, PC parts were fabricated using three build methods: 1) default
method, 2) Insight revision method, and 3) visual feedback method. By modifying build
parameters, the highest average UTS obtained for PC was 63.96 MPa which was 7% higher than
that of 59.73 MPa obtained using the default build parameters. The parameter modification using
visual feedback method led to an increase in UTS of 16% in XYZ, 7% in XZY, and 22% in ZXY.

The FDM fabricated parts using PC were tested under thermal cycling of -30" C to 85" C.

A series of experiments were performed (e.g., tensile test, deformation of fabricated part, glass

Vi



transition measurement) to evaluate the possibility of FDM fabricated parts in the harsh
environment (embedded electronics, wiring in automotive industry, etc.). The UTS results showed
that the results were not significantly different using statistical analysis after 150 thermal cycles
while average Young’s modulus increased from 1389 MPa to 1469 MPa after 150 thermal cycles.
The highest warping of the specimen was found to be 78 um which was the result of continuous
thermal expansion and contraction.

A sealing algorithm was developed using LabVIEW and MATLAB programming. The
LabVIEW program was developed to obtain the edge information of each layer of a 3D model
part. The MATLAB programming was used to gather the output information from LabVIEW and
calculate the suggested RW providing least amount of gap in between rasters and contours. As a
result, each layer became sealed and was able to withstand air pressure within a pressure vessel. A
test specimen was fabricated according to the developed sealing algorithm parameters and used to

show entirely sealed walls capable of withstanding up to 138 kPa air pressure.
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CHAPTER 1: Introduction

1.1 Background

Additive manufacturing (AM) is a fabrication process that uses computer aided design
(CAD) to produce a solid model by adding material in a layer by layer fashion. Fused deposition
modeling (FDM) is a material extrusion based AM process [1], which has traditionally been used
for concept modeling prototypes, some functional prototypes, pre-surgical instruments and many
other applications [2]. Recent researchers have focused on the advancement of the FDM
technology to make production grade end use parts [3]. There are different processing parameters
involved with the technology, such as build orientation, raster angle (RA), contour width (CW),
raster width (RW), raster to raster air gap (RRAG), and more. Those parameters can play vital role
in determining the end part quality. FDM built parts have yet to reach the quality in terms of
mechanical strength, density, etc. in comparison to the plastic injection molding method.
Modifications to these parameters can lead to achieving desired quality.

FDM technology requires a three dimensional CAD model to fabricate a part. The process
involves extruding thermoplastic material in the X and Y direction of the build platform, in order
to create a single layer of the part. After finishing the layer, the build platform moves down one
FDM layer thickness and deposits a new layer on top of the previous one. This process continues
until the entire part finishes. A point worth noting, a sacrificial support material is also deposited
to fabricate complex geometries and overhanging features (Figure 1.1).

There are scopes for developing the suitable processing parameters for the FDM systems,
which can lead FDM products to be more durable, and stronger than present condition. A thermal
study can lead to determining the survivability of FDM parts in electronic applications, where

temperature change is a major issue. A FDM fabricated part that is able to hold fluid pressure can
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Figure 1.1: Schematic diagram of FDM Machine

be a revolutionary step for FDM parts to be used in engineering applications (e.g., sprinkler,

pressure tubes, home appliances, etc.).

1.2 Motivation

FDM systems may be capable of fabricating parts with improved mechanical properties
using suitable building parameters. As a result, FDM systems will be able to compete with
conventional injection molding processes, when comparing mechanical properties, surface finish,
and so on. In order to determine the usabilities of FDM parts in wire harnesses, switches, fuses,
etc. inside the passenger compartment of an automotive car requires thermal cycle testing. A FDM
as fabricated part capable of withstanding fluid pressure can lead to new engineering applications.
Therefore, the research will explore three studies that performed to better understand FDM. The
first study states that reduction or complete removal of gaps between two adjacent rasters, and
between contour and rasters will improve mechanical properties of FDM parts. The second study
states that FDM parts will be able to withstand the thermal cycling based on several criteria,
including mechanical properties, glass transition temperature, and warping. The third study states

that edge detection technique will be implemented for each layer of the part and a set of processing



parameters will be obtained that will create the smallest possible gap in each layer. The FDM

fabricated part using those parameters will be able to hold fluid pressure.

1.3 Thesis Objective

The main objectives of this work are the following:
1. Modity processing parameters based on optical observation using microscopy to
improve mechanical properties.
2. Experimentally determine the effect of thermal cycling on FDM fabricated parts.
3. Develop an edge detection technique to assess the gap between rasters and contours
in each layer of the part.
4. Develop a method, which can predict a set of processing parameters for FDM

fabricated parts which can hold fluid pressure.

14 Thesis Outline

The results from this study are described in the following four chapters. Chapter 2 is
comprised of an overview of FDM technology as well as related topics including mechanical
properties, thermal cycling properties, and fluid pressure application. The chapter specifically
covers the FDM technology overview, material options and properties, effects of FDM parameter
modification, material properties under thermal cycling, amorphous polymer, glass transition
temperature, and conventional methods to seal FDM fabricated parts. In Chapter 3, the methods
of 1) parameters modification, 2) thermal cycle testing, and 3) sealing FDM fabricated parts are
described. This chapter also mentions the associated parameters that were used in fabricating the
test specimens and briefly describes the sealing algorithm. The experiment results are discussed in
Chapter 4. The results consist of 1) mechanical performance using parameter modification, 2)
effect of thermal cycling on FDM fabricated parts, and 3) sealing of FDM fabricated parts using a
sealing algorithm. Finally, a conclusion and recommendations for future work are provided in

Chapter 5.



Chapter 2: Literature Review

2.1 Introduction

The Additive Manufacturing (AM) process is comprised of fabricating prototypes, end-
use, or consumer level parts using CAD models in a layer by layer fashion without the need of any
process planning (e.g., build sequence, arrangement of machining process). AM fabrication mainly
consists of 8 steps, which are illustrated in Figure 2.1. According to ASTM standard F2792 [1],
there are 7 AM process categories, 1) binder jetting, 2) directed energy deposition, 3) material
extrusion, 4) material jetting, 5) powder bed fusion, 6) sheet lamination, and 7) vat
photopolymerization. With a wide range of fabrication processes, AM processing has the option
to use polymers, photoreactive resins, metals, ceramics, etc. The fabrication time may vary with
the above mentioned AM processes, and processing parameters (such as, decreasing layer
thickness may increase build time significantly depending on the model dimensions). Based on the
final part condition, and application, AM parts may require some post processing (e.g., machining,

sanding, painting, polishing, etc.).
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\
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Figure 2.1: Generic AM Process
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Previously, AM technology was mainly serving prototyping purposes. With continuous
advancement, concentrating on mechanical properties, machine speed, and surface finish, AM has
allowed the fabrication of rapid tooling parts, bio-medical scaffolds, metallic structures, complex

shapes (foam like structures), and many more [4, 5].

2.2 Fused Deposition Modeling

The FDM technology was first patented by Scott Crump, founder of Stratasys Inc.
(Stratasys Inc., Eden Prairie, MN), dates back to 1992 [6]. FDM machines were previously being
used exclusively in prototyping applications such as concept modeling, pre-surgical models in
medical applications, etc. [7]. The FDM technology is advancing to the capability of fabricating
production grade end-use parts. The key factors (e.g., build size, material options, etc.) for
production grade manufacturing has evolved tremendously (Table 2.1).

As mentioned earlier, FDM is a material extrusion based technology. As an extrusion based
technology, it has several distinguished features, 1) loading of thermoplastic material, 2)
liquification of extruding material, 3) push to drive (using a motor) thermoplastic spool, 4)

depositing the material according to the machine instructions in a controlled speed, and 5) bonding

Table 2.1: Different FDM machine comparison [43] [44] [45]

Features uPrint SE FDM Titan Fortus 900mc
Build Size 203x152x152 mm 406%355%x406 mm 914x610x914 mm
Materials ABSplus ABS ABS-M30
ABSi ABS-M30i
PC-ABS ABSi
PC ABS-ESD7
PC-ISO FDM Nylon 12
PPSF PC-ABS
PC-ISO
PC
ULTEM 9085
PPSF
Layer thickness 0.254 mm 0.127mm- 033 mm | 0.178 mm-0.33 mm




of currently depositing material to the previous one [8]. The entire process of fabrication will be
discussed in detail below.

The fabrication steps of FDM technology use three dimensional CAD data in order to
create solid parts using a material extrusion process, which in most cases, does not require further
machining. First, the three dimensional CAD model is created and converted into a .stl file format,
which is then sent to a specific AM software package. For FDM machines, one of the software
packages is Insight (Stratasys Inc., Eden Prairie, MN). Insight software slices the CAD model into
layers and creates toolpaths based on user specified processing parameters. After receiving tooling
instructions from Insight, the FDM machine drives the thermoplastic filament, driven from the
filament spool, through the heated liquefier. In the liquefier, the thermoplastic material reaches a
flowable state and is extruded through a small orifice extrusion tip. The tip, inserted in a head
assembly, translates in the X and Y directions while thermoplastic material is being deposited over
the build platform to create a layer. After finishing one layer, the build platform then moves down
one layer height and the next layer is built over the previous one. This process keeps going until
the entire model is done. To fabricate overhanging and complex features, a sacrificial support
material is deposited along with the model material. The whole process is performed in a controlled
envelope temperature which helps to improve bonding between layers and reduces internal stress
[9, 10].

In the fabrication process, there are different parameters that can be changed. These
parameters include build orientation, RA, RW, CW, RRAG, raster to contour air gap, slice height,
and more. Build orientation refers to the orientation of the entire part in respect to the build
platform in accordance with the ASTM F2921 standard (Appendix A Figure Al) [11]. The RA is
the angle created by the raster with the positive X direction of the build platform. RW is the width
of each raster, and CW is the width of the contour (Figure 2.2). RRAG is the gap between two
rasters. Similarly, raster to contour air gap is the gap between the raster and contour. The default

is 0 for both RRAG, and raster to contour air gap. A negative air gap leads to the partial overlap
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Figure 2.2: FDM building parameters

of the rasters (in case of RRAG) or between raster, and contour (in case of raster to contour air

gap). Slice height is the height, or thickness of each layer.
2.3 FDM Material

Stratasys has made major contributions in respect to the variety of printable material types
when compared with other FDM machines. A wide selection of commercially available materials
(Table 2.2) with different inherent properties are now available, including acrylonitrile butadiene
styrene (ABS), polycarbonate (PC), a PC-ABS blend, polyphenylsulfone (PPSF), ULTEM 9085,

proprietary materials of Stratasys Inc. These materials fulfill commercial requirements as well as

Table 2.2: Selected properties of commercially available FDM materials [8, 42]

Property ABS PC PC-ABS ULTEM PPSF
9085

Tensile Strength 22 68 41 71.6 55

(MPa)

Tensile Modulus 1,627 2300 1900 2200 2100

(MPa)

Elongation 6% 5% 6% 6% 3

Glass transition 104 161 125 186 230

temperature (°C)

Specific gravity 1.05 1.2 1.10 1.34 1.28

Thermal Expansion | 10.08x10” | 6.84x10° 7.38x10°° 6.6x107° 5.5x10°°

(mm/mm/°C)




specific applications for biocompatible applications [12]. The parts fabricated using FDM
technology may exhibit lower strength when compared to the strength of the material itself because
of interfacial bonding between the layers and possible voids between the rasters.

Some novel materials mentioned in literature that are also used for FDM fabrication include
polymethylmethacrylate (PMMA) [13], polycaprolactone (PCL) [14], a composite consisting of
glass, ceramic, or metal fillers [15], and metals such as eutectic Bi58Sn42 and non-eutectic
Sn60Bi40 [16]. The different choice of materials for FDM systems is useful in respect to research
as well as commercial use. The various material options can lead to numerous possibilities of

different engineering applications, which can benefit AM technology.

2.4  Previous Works on Modifying Processing Parameters

FDM is a relatively new technology, dating back to 1990s. Since then, the evolution of
FDM machine has undergone different processing parameter modifications, experimented by
many researchers, which mainly focused on mechanical properties. Currently, numerous options
for extrusion based AM machines exist, such as Fortus series (e.g., Fortus 900 mc, Fortus 400 mc),
FDM series (e.g., FDM 3000, FDM Titan, etc.) and uPrint (Stratasys Inc., Eden Prairie, MN),
Makerbot Replicator™ (Makerbot™, Brooklyn, NY), and various other desktop models. Different
processing parameters (e.g., build orientation, RA, CW, RW, RRAG, layer thickness, and more)
are available based on each of these machines. Some software packages limit the user’s access to
build parameters, only providing build styles (e.g., sparse, double sparse, solid), which restricts
the effort of further research with processing parameters. The processing parameters can be a key
factor in the improvement of FDM system, particularly concentrating on mechanical properties.

Masood, Mau, and Song [17] experimented on polycarbonate (PC) FDM fabricated
specimens and found a tensile strength of about 75% when compared with molded and extruded
PC parts. The results showed that the UTS of PC was reduced about 8% and 13% due to the change
of RAs from 457-45"to 90°/0° using RWs of 0.4064 mm and 0.6064 mm, respectively. An increase
of about 18%, in UTS, was observed due to the change of RAs from 45'/-45"to 90°/0" using the RW



of 0.8314 mm. The results showed both increases, and decreases of UTS when changing the RAs
using different RWs. The results also showed a non-linear trend of UTS for different RWs using
the same RA. The non-linear behavior of UTS results were not addressed. Ahn et al. [18] worked
on a similar experiment using ABS and found an increase in UTS, about 8%, due to the change of
RA from 457/-45to 90°/0" using RWs of 0.508 mm and 1 mm, respectively. A negligible variation
in UTS due to the change in RWs was mentioned. An increased build time and improved surface
quality was addressed as well. Sood, Odhar, and Mahapatra [19] found a decrease of about 19%
in UTS due to the change of RA from 60°/-30"to 907/0" using ABS. The authors disputed that the
higher RA creates smaller rasters, which can cause less distortion. However, it is worth noting that
layer thickness was 0.1780 mm, and the specimens were inclined by 15’ from XY plane rather than
parallel to build platform. Montero et al [20] found UTS of axially build (0°) specimens was
increased about 200%, compared to transversely build (90°) specimen.

In respect to the effect of RRAG, Ahn et al [18] found an increase in UTS for specimen
built using a RRAG of -76.2 um (-0.003 in), and found about a 30% increase for a RA of 0790" in
comparison to a RRAG of 0 mm. Montero et al [20] also found an increase in UTS using a negative
RRAG, for a transversely built specimen which was increased by approximately 400% using a
RRAG of -50.8um compared to a RRAG of 0 mm. On the contrary, Sood et al [19] argued that a
positive RRAG led the material to flow in between two adjacent layers, which in turn led to the
increase of bonding between surfaces as well as UTS. An increase of about 15% in UTS was found
for specimens built with a thinner layer of 0.127 mm. The UTS did not vary significantly for
changing RRAGs for specimens built with a layer thickness of 0.254 mm. The cause of flow
between layers is indistinct and may be a result from other factors, e.g., heat dissipation.

Bellini, and Glgeri [21] experimented on specimens built with ABS for mechanical
properties of three build orientations: XYZ, XZY, and ZXY (build orientation terminology
according to ASTM F2921 shown in Appendix A Figure Al) [11]. The highest UTS of 15.99 MPa,
and Young’s modulus of 1653 MPa was found for specimens build in XZY orientation. On the

other hand, specimens built in ZXY orientation showed the lowest UTS of 7.60 MPa and Young’s
9



Table 2.3: Anisotropic properties of FDM fabricated parts

Authors Material Criteria
Bellini, and ABS Build XYZ XZY XY
Gigeri [21] orientation

UTS 11.7 MPa 15.99 MPa 7.61 MPa

Masood, PC Raster angle 45°/-45° 60" /-30° 90" /0
Mau and UTS 58.8MPa | 46.9MPa | ~50 MPa
Song [17]
Ahn et al. ABS Raster angle 0’ 90’
[18] UTS ~20 MPa ~4 MPa

modulus of 1391 MPa. The overview of anisotropic properties of FDM fabricated parts can be
shown in Table 2.3.

The aforementioned studies showed the variation of the results using different building
parameters (e.g. RA, RW, RRAG, layer thickness, build orientation, etc.). The reasons of the
increase or decrease in mechanical properties, in some cases, were discussed. Research has shown
that FDM fabricated part fall behind in UTS compared to what an injection molded part can
withstand [18]. A method to increase the mechanical properties of a FDM fabricated part can be
useful from the point of view of engineering applications that require specific performance criteria.
Furthermore, a comprehensive data set using legacy and state of the art facilities can help document

the mechanical properties from various FDM systems [18].

2.5  Thermal Cycling

The use of thermoplastic material in different aspects of the aerospace industries and
automobile industries urges the importance of final parts usability in harsh environments. As a
certification of feasibility for industrial purposes, determining the survivability of FDM fabricated
parts in thermally harsh conditions can be of great benefit. FDM fabricated parts can be a great
choice for embedding options of different components for electro-mechanical systems [22]. A

comparative idea of thermal operations required in an automotive system is shown in Table 2.4.
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Table 2.4: Operation temperature of automotive electronic systems [47] [48]

ECU Location Detail Position Required Operation Temperature
Passenger Room Under dash board -30 to +85°C
Engine Room ECU box -30to +105° C

Under hood -30 to +125(150)° C

Connected to Engine -30to >+175°C

The engineering applications of 3D printed parts in electric wiring, embedded electric components
are of great interest. Obviously, the main challenge is the longevity of FDM fabricated part in
thermal cycling. There is the possibility of thermal shock, thermal fatigue stress that may be a
potential hindrance in engineering application.

The thermal cycling effect was mainly studied on the polymeric composites. The polymeric
composites show different expansion and contraction under thermal cycling which can ultimately
cause thermal stress. The study of Shimokawa et al. [23] found micro-cracking in thermoplastic-
polyimide matrix composites, IM7/PIXA and IM7/K3B, and micro-cracks were found after 10
cycles, and 5000 cycles respectively. In bismaleimide matrix composite, G40-800/5260, the micro-
cracks initiated at 1000 cycles. The thermal cycle consisted of a maximum temperature of +177°
C, and a minimum temperature of -54° C with a holding time of 15 min. The study indicated that
open hole compression strength did not degrade for either IM7/PIXA or IM7/K3B for up to 1000
cycles. For G40-800/5260, the open hole compression strength did not degrade up to 1000 cycles.
Though, for all matrix composites, a considerable micro-crack was found. The study conducted by
Chung et al. [24] found a dramatic drop of glass transition temperature due to thermal cycling (80’
C to 200" C) using carbon fiber reinforced epoxy composite (prepreg F593, rubber modified epoxy
with T-300 carbon fibers). The rapid drop of glass transition temperature was found at the initial
stages of the thermal cycles. A drop of glass transition temperature from 187" C to 167" C occurred
after 7 hour for samples aged at 200" C. After the rapid drop, the glass transition temperature was
found to be increased slightly in that same experiment. The initial drop of glass transition

temperature was assumed to happen because of the degradation of the rubber modifier. The
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additional crosslinking in the matrix resin material served to increase the glass transition
temperature. An assumption was made that the depletion of rubber modifier might have caused
the matrix to be brittle and increase the glass transition temperature.

From a practical point of view, the structure or material has to show good mechanical
properties, and no polymer degradations. The thermal cycling study can lead to determine the
possibility of use of the fabricated parts in engineering applications e.g., automotive industries,

sprinkler systems, and even home appliances.

2.6  Amorphous Polymer

Thermoplastic polymers can be categorized as amorphous polymers, and crystalline (or
semi-crystalline) polymers. PC is an amorphous polymer that is widely used in FDM technology.
The amorphous polymer has a disordered polymer chain and does not show any crystalline X-ray
diffraction pattern, does not have a melting transition temperature, and exhibits glassy and brittle
behavior at low temperatures. As the temperature rises, they show a glass to rubbery transition
which is referred as glass transition temperature (described in Section 2.7) [25]. Above the glass
transition temperature, the amorphous polymer reaches a flowable state, although, the viscosity
remains very high. On the other hand, crystalline polymers generally contain a significant amount
of amorphous material, thus the semi-crystalline term is used. They show melting of crystalline
domains, at the melting temperature (Tm), at which the Young’s modulus is reduced tremendously.
After that point, the behavior of semi-crystalline polymer is similar to the amorphous material
[26].

The FDM technology best works with amorphous material. The viscous paste that forms
right after glass transition temperature can be deposited in layer by layer fashion because of high
viscosity of the polymer. The viscosity of the polymer decreases with the increase of temperature.
The temperature that maintains the shape of extruding bead under pressure and solidifies quickly

and easily, is appropriate for fabrication using FDM machine [8].
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2.7 Glass Transition Temperature

The glass transition temperature is a phenomenon of amorphous polymers that occurs at a
temperature when brittle and glassy characters transforms into a rubbery stage. At glass transition
temperature the thermal expansion, heat capacity, and mechanical properties are changed. The
glass transition temperature is a second order transition or glass transition that changes the rate of

change of volume with temperature. The volumetric expansion a can be defined as:

1,0V
o= (6T)p

Here, V is the volume. The rate of change is the volume of the temperature through glass
transition temperature (Figure 2.3). The change usually occurs for a wide range of temperatures
ranging from 10-30°C [25].

The glass transition temperature can be studied by change of volume with the increase of
temperature using dilatometry method (Figure 2.3). Another method is the dynamic mechanical
thermal analysis which is performed using a constant frequency of sinusoidal mechanical stress
and changing the temperature at a constant rate. In this process, Young’s modulus is measured at

increasing temperature and a huge downfall in Young’s modulus is observed around the glass

Volume. V
\
\\

Temperature Glass transition temperature

—_—
Figure 2.3: Variation of volume as a function of temperature for amorphous polymer
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Figure 2.4: Change of Young’s modulus against temperature showing the glass
transition temperature of an amorphous polymer

transition temperature (Figure 2.4) [27]. The glass transition temperature indicates the
transformation of thermoplastic material from glassy stage to rubbery stage transition. In the
rubbery stage, the thermoplastic material changes into the high viscous flowable stage which is

one of the most important criteria for FDM fabrication [8].

2.8  Previous Works on Sealing FDM Parts

Sealed FDM parts can be applicable in various applications, including sprinkler design
[28], wind tunnel testing facility [29], enclosed biomedical devices (e.g., heart pace maker,
defibrillator, etc.) [30], and polymer compact heat exchangers [31].

Prior works focused mostly on sealing FDM parts using different post processing methods.
For example, brushing, vacuum infiltration, vapor smoothing, hipping, dipping, etc. The main
objective of this study was to eliminate voids and improve the bonding between two adjacent

layers. Mireles et al. [32] experimented on 11 different sealants using two methods: vacuum
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infiltration, and brushing of sealant. The specimens were fabricated with ABS-M30, a proprietary
material made by Stratasys. A maximum of 276 kPa pressure was applied using BIB TC-1614, a
commercial sealant in comparison with 138 kPa pressure achieved using the vacuum infiltration
method. The infiltration method and brushing method (using two coatings of sealant) showed an
average dimensional change of 0.064 mm, and 0.0139 mm, respectively. Parker investigated the
effect of hot isostatic pressing in FDM parts in order to eliminate voids. The results showed a 4.3%
to 0.5% decrease of porosity using PC. The hot isostatic pressing caused a reduction of 0% to 35%
in thickness. [33, 34]. Although, Parker did not perform any kind of pressure test, but the removal
of porosity might lead to the possibility of sealing FDM parts.

The literature showed that post processing can improve FDM parts through removing
voids. Those post processes caused either a decrease or increase in dimensions. Some of the
processes led to the use of manual intervention, which can lead to further imperfection in
dimensional accuracies. Moreover, those sealing methods require extra processing time (e.g., post
processing, curing, drying, etc.), as well as an increase in cost (e.g., sealant, vacuum chamber,
etc.). FDM fabricated parts that can be used in fluid pressure applications without any post

processing will be a great step forward for FDM technology.
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CHAPTER 3: Materials and Methods

3.1 Thermoplastic Material: PC

PC is a commonly used material in FDM systems. Being an amorphous polymer makes PC
an excellent choice for FDM systems. PC contains the carbonate group in its chemical structure
(Figure 3.1). Its strong mechanical property and higher glass transition temperature (Table 2.2)
makes PC fabricated parts usable in various applications including automotive [35], biomedical
applications [12] and even household components. As mentioned earlier, FDM fabricated parts
show anisotropic properties. A datasheet containing the effect of building parameters (e.g., build
orientation, RA, RW, CW, and RRAG) can serve as a useful addition that may be referred to by
the FDM user community. In this study, building parameter modifications were studied to get
improved tensile properties using PC. A low level thermal cycling test was also performed to verify
its survivability in a concentrated application (automotive wire harness system), which can also be
an information source for other practical use in engineering applications. A sealing algorithm was
developed to fabricate test specimens using PC which showed little to no gap in-between rasters
and also between rasters and contours. The ultimate goal was to fabricate a sealed part using an
FDM system. A sealing algorithm allows for an improved calibration method in different
production grade FDM systems, which can achieve the goal of sealed FDM parts out of the
machine. The pressure testing performed using PC could ensure the possibility of sealed parts

using other materials available for FDM systems as well.

P I
to—O——O—o—
CHs3

Figure 3.1: Chemical structures of PC
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3.2 Fabrication of Specimens

3.2.1 Tensile test specimens for improving mechanical properties

The tensile test specimens were fabricated using the Fortus 900mc. The machine has a
build chamber of 914 mm x 610 mm x 914 mm. The dimensional accuracy is of either £ 0.09 mm
or 0.0015 mm/mm, based on larger value. The model, support and envelope temperatures were
345" C, 365" C and 140" C, respectively. As mentioned earlier, the specimens were built using PC,
and PC support was used as a support material. Three build orientations were considered: XYZ,
XZY and ZXY (Appendix A Figure Al). The ZXY specimens were built using surround support
style (Appendix A Figure A2). In all other cases, a basic support style was chosen (basic support
style commonly creates 5 layers of support at the base to hold the fabricated part in the platform).
The surround support style was used to prevent the falling over or moving of the specimen during
fabrication, due to the higher height to base ratio. The supports were removed manually from the
finished specimens. The specimens were created according to the ASTM D638 Type | specimen

(Appendix A Figure A3) [36]. The building parameters will be discussed in Section 3.3.

3.2.2 Thermal cycle testing Specimen

The thermal cycle testing specimens were fabricated using the FDM Titan (Stratasys Inc.,
Eden Prairie, MN). The machine has a build chamber of 406 mm x 355 mm x 406 mm, which is
quite smaller than the Fortus 900mc. The model accuracy is £0.127 mm for model sizes up to 127
mm. For sizes greater than 127 mm, the accuracy is £0.0015 mm per mm. Two types of test
specimens were built:
a. Tensile test specimens
b. Glass transition temperature measurement specimens
The tensile test specimens were fabricated according to ASTM D638 type I specimen
(same as described in Section 3.2.1). The rectangular prisms with a dimension of 60 mm x 13 mm

x 4 mm (Appendix A Figure A4) were fabricated to perform the dynamic mechanical analysis.
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The specimens were fabricated using PC as model material, and PC support as a support material.

The building parameters will be discussed in Section 3.6.

3.2.3 Pressure test specimens

The specimen was fabricated using the FDM Titan. Three type of specimens were
fabricated:
a. Flat plate
b. Square feature
c. Circular dome
The dimensions are shown in Appendix A (Figure A5-A7). PC was used to fabricate test
specimens. PC support was used as a support material. The support was removed by breaking the

supports manually. The building parameters will be discussed in Section 3.9.

33 Parameter Modifications for Improving Mechanical Properties

The parameter modifications were done using three successive methods. The three methods
were:
1) Default method
2) Insight revision method
3) Visual feedback method
Each of the methods were tested for three different build orientations, XYZ, XZY, and
ZXY (Appendix A Figure Al). Three different RAs (07/90°, 307/-60°, and 457/-45") were used to

fabricate the specimens. The layer thickness was kept constant at 0.254 mm. The processing
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parameters for the method are shown in Table 3.1. The detailed information concerning building
parameters of the three methods are described in Sections 3.3.1, 3.3.2, and 3.3.3.
3.3.1 Default method

The default processing parameters were used in order to fabricate the tensile test
specimens. The build parameters are shown in Table 3.2. The gap between rasters and contour was
both observed in renderings created by Insight software, and optical images (Appendix B Figure

B1-B3). For this reason, it is necessary to modify the building parameters.

3.3.2 Insight revision method

In the Insight revision method, the renderings of the job file created in the Insight software
was analyzed. For a RA of 0790°, the CW and RW were changed from 0.4064 mm to 0.8128 mm

in increments of 0.0254 mm using three build orientations. To give an idea, a total of 289 images

Table 3.1: Processing parameters used in improving mechanical testing

Machine used | Fortus 900mc
Model

Material PC

Extrusion tip T16
Extrusion temperature 345°C

Part interior style Solid normal

Part RW

Described in Section 3.3.1-3.3.3

Part CW Described in Section 3.3.1-3.3.3

Part RRAG Default and Insight revision:0 mm, Visual feedback
method: -0.0127 mm

No of Contours 1

Support

Material PC support

Extrusion tip T16

Extrusion temperature 365°C

Support style Based on build orientation (Basic support for XYZ
and XZY orientations, and Surround support for
ZXY orientations)

Envelope

Envelope temperature

| 140°C
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Table 3.2: Build parameters for default method

Build Orientations RA CW RW RRAG
XYZ 0'/90° 0.508 0.508 0
307-60° 0.508 0.508 0
45°/45° 0.508 0.508 0
XZY 0°/90" 0.508 0.508 0
307-60° 0.508 0.508 0
45°/45° 0.508 0.508 0
ZXY 0°/90" 0.508 0.508 0
307-60° 0.508 0.508 0
45°/45° 0.508 0.508 0

were analyzed for each different build orientation. The job file that rendered the smallest gap
between rasters and contour using a RA of 0790" was selected as the building parameter among all
the combinations of RWs, and CWs (Appendix B Figure B1-B3). Then, the same RWs and CWs
were applied to both the 307/-60" and 45°/-45" RAs (the building parameters are shown in Table
3.3). The reason behind choosing the 0790" RA as the modification foundation was because of the
more distinguishable gap produced by the Insight renderings. The parameters (RW and CW
combination) showed better results while changing the RAs. Each build orientation showed

different sets of RW, and CW values, which showed renderings with less gaps. The reason for this

Table 3.3: Build parameters for Insight revision method

Build Orientations RA CW RW RRAG
XYZ 0°/90° 0.432 0.432 0
30'/-60° 0.432 0.432 0
45'/45° 0.432 0.432 0
XZY 0°/90° 0.508 0.483 0
30°/-60° 0.508 0.483 0
45°/45° 0.508 0.483 0
ZXY 07/90° 0.559 0.457 0
307-60° 0.559 0.457 0
45745’ 0.559 0.457 0
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is that, with changing the build orientations, the planar area or surface covered by the FDM tip

also changed. With different surface areas, different sets of parameters were needed.

3.3.3 Visual feedback method

In the visual feedback method, the specimens obtained from the Insight revision method
were analyzed using a microscope. For this purpose, low magnification (32x) optical images were
taken using a Retiga 2000R fast charge coupled device camera (QImaging, Surrey, Canada), which
is installed in a Leica MZ16 stereomicroscope (Leica Microsystems, Wetzlar, Germany). For
image analyzing, QCapture Pro (Qlmaging, Surrey, Canada) was used. Using a microscope, gaps
between two adjacent rasters were identified despite the fact that those gaps were not depicted in
Insight software renderings. A negative RRAG was introduced to remove those gaps. Five
different RRAGS, in the range of -0.0025 mm to -0.0254 mm, were analyzed. Images showed little
to no gap in between rasters using a RRAG of -0.013mm, and selected as a modified parameter.
The building parameters are shown in Table 3.4. The only change from the Insight revision method

was the addition of a RRAG of -0.013mm. The analysis of the images will be discussed in the

Section 4.1.1.
Table 3.4: Build parameters for visual feedback method

Build Orientations RA CW RW RRAG
XYZ 0'/90° 0.432 0.432 -0.013
30'/-60 0.432 0.432 -0.013

45'/45° 0.432 0.432 -0.013

XZY 0°/90° 0.508 0.483 -0.013
30°/-60° 0.508 0.483 -0.013

45'/45° 0.508 0.483 -0.013

ZXY 0790 0.559 0.457 -0.013
30'/-60° 0.559 0.457 -0.013

45'/45° 0.559 0.457 -0.013
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34 Mechanical Testing

Tensile testing was performed according to ASTM D638 standard using an Instron 5866
(Instron, Norwood, MA) tensile testing machine (Appendix C Figure C1). The tensile test was
performed using a load cell of 10 kN which was sufficient for testing the low strength components.
The machine’s accuracy was + 0.4% according to the manufacturer’s specifications. The
prescribed ramp speed was Smm/min during the tensile testing [36]. A video extensometer was
used to capture the elongation of the specimen during testing. For that, two points at a distance
equal to the gauge length was marked. The video extensometer locked into those two points before
testing. The displacement of these two points was measured during testing to calculate the
elongation. The tensile properties (e.g., UTS, Young’s modulus, and tensile strain) were calculated
by the built-in software, Bluehill (Instron, Norwood, MA). At least five specimens were tested for
every set of parameters. The mechanical testing was performed after pre-conditioning of the

specimen according to ASTM D618 standard (40 hours at 23°'C and 50% relative humidity) [37].

3.5 Density Measurement Specimens using Parameter Modifications

The dogbone shaped specimens were fabricated using a RA of 07/90°to measure density of
the fabricated parts. The dimensions of the specimens are shown in Appendix C Figure C2. Three
types of specimens were fabricated using three build methods default, Insight revision method,
and visual feedback method, respectively. Three specimens were fabricated for each of the build
methods. The processing parameters are the same as shown in Table 3.1. The build parameters are
shown in Table 3.5. The building parameters were different because of the change in dimensions

of the test specimens compared to tensile test specimens. The density was measured using two test

Table 3.5: Build parameters for density measurement specimens using three build methods

Method RA CW RW RRAG

Default 0°/90 0.508 0.508 0
Insight revision method 0790 0.457 0.5334 0
Visual feedback method 0790 0.457 0.5334 -0.013
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methods ASTM D1622 [38] and ASTM D792 [39]. The later method omits the manual
measurements error which can occur using ASTM D1622 standard. The density according to
ASTM D1622 was measured using the following equation:

Density, p = %

W = weight of the specimen in g

V = volume of the specimen in cm?

p = density in g/cm?

The specimens were preconditioned at 23" C and at 50% relative humidity for not less than
40 hours before weighing the specimens. The specimens were weighed using an analytical balance,
CP124S (Sartorius Corporation, NY) and an ABSOLUTE Digimatic Caliper (Mitutoyo, IL) was
used to measure the dimensions of the specimens to calculate the volume.

The density using displacement method according to ASTM D792 standard was measured

using the following equation:

Density, p = x density of water at temperature during the experiment

a+w->b

a = apparent mass of the specimen in air

w = apparent mass of totally immersed sinker along with partially immersed wire

b = apparent mass of the specimen (with sinker) completely immersed in water along with
partially immersed wire

The temperature of water during experiment was 25" C and therefore, density of water at
that temperature (0.997 g/mm?®) was used. The specimens were preconditioned according to the
ASTM D618 standard (23" C and at 50% relative humidity for not less than 40 hours). The

weighing was done using Sartorius M-prove scales (Sartorius Corporation, NY).

3.6  Processing Parameters of Specimens for Thermal Cycle Testing

Two types of specimens were fabricated for thermal cycling tests. As mentioned earlier,
the tensile test specimens were fabricated according to ASTM D638 standard. Another set of

specimens were built to measure the glass transition temperature. The tensile test specimens and
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Table 3.6: Processing parameters used in thermal cycling test specimens

Machine used | FDM Titan
Model

Material PC
Extrusion tip T16
Extrusion temperature 360°C

Part interior style Solid normal
RA 45°/-45°
Part RW 0.508 mm
Part CW 0.508 mm
Part RRAG 0 mm

No of Contours 1

Support

Material PC support
Extrusion tip T16
Extrusion temperature 365°C
Support style Basic support
Envelope

Envelope temperature

| 145° C

the glass transition temperature measurement specimens were fabricated using the same building
parameters. All the default values recommended by the Insight software were used. The default
values were used to investigate the behavior of the as-fabricated FDM parts (no parameter
modification necessary) in engineering applications. The processing parameters are shown in

Table 3.6.

3.7  Thermal Cycle Testing

After fabrication of the tensile testing parts and glass transition temperature measurement
parts, both were pre-conditioned according to the ASTM D618 standard. After the pre-
conditioning process, the height of two points at edges were measured for warping test (procedure
will be described in Section 3.7.1 and test procedure is shown in Appendix C Figure C3-C4). The
points were marked with a black circle in order to take the measurement at the same place after

thermal cycling. A THERMOTRON (THERMOTRON, Holland, MI) machine was used to
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perform the thermal cycling. An aluminum foil protective cover was used to prevent any kind of
direct exposure to the thermal shock. A thermal feedback system was used in order to get
temperature profile of the specimen. For that purpose, a thermocouple was inserted into a square
shaped part that was fabricated using PC. The internal temperature of the specimens was monitored
using that inserted thermocouple in the square shaped part (shown in Appendix C Figure C5) along
with the temperature obtained from the in-built temperature sensor from the THERMOTRON
system. The thermal cycle test conditions are described in Table 3.7.

A series of experiments (Section 3.7.1 - Section 3.7.3) were performed on the thermal
cycled specimens (up to 150 cycles) to determine the properties of FDM parts after thermal
cycling. The specimens were removed in every 20 cycles except when that batch ended in odd
times (such as: middle of the night), in those cases the specimens were removed early or later (in
this case, at cycle 18, cycle 41, etc.). So, after around 20 thermal cycles, 7 tensile test specimens
and 5 glass transition temperature measurement specimens were taken out from the machine and

conditioned for 40 h at 23" C, and 50% relative humidity before testing was performed.

3.7.1 Warping measurement

All the specimens were marked at the edges in order to take measurements at the same spot
before and after thermal cycling using a touch probe type measure system, SmartScope Flash 250

(OGP Industries, NY) (Appendix C Figure C3). The tensile test specimen’s thickness was

Table 3.7: Thermal cycling test parameters

Machine used | THERMOTRON
Parameters

Temperature cycle -30°C-85°C
Temperature increase rate 1° C/ min
Temperature decrease rate 1° C/ min
Waiting temperature (at maximum, and 45 min
minimum temperature

Total cycle time 320 min

Total number of cycle 150
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measured using the touch probe, which touched at the edges of the specimen. The measurements
were taken again after thermal cycling using the same procedure to measure the possible warping

that might have occurred due to the thermal cycling.

3.7.2 Mechanical testing

The mechanical testing was performed using the same procedure described in Section 3.4.

The mechanical testing was done for both non-cycled specimens and thermal cycled specimens.

3.7.3 Glass transition temperature measurement

The glass transition temperature measurements were done for both non-cycled, and thermal
cycled specimens. The test was done using a dynamical mechanical analysis (DMA) instrument
(model Q800, TA Instruments, Delaware) machine. The following test parameters were
maintained: 0.01 N preload, 15 pm amplitude, 1 Hz frequency, and 2° C/min ramp rate. The glass
transition temperature (Appendix C Figure C6) was measured using the plot of storage modulus
with respect to temperature. The curve showed a sudden drop of storage modulus [39], and the
intersection of the slopes of steady stage and rapid drop stage of storage modulus was marked as

the glass transition temperature.

3.8  Sealing Algorithm

The algorithm was based on the basic idea of filling up each layer of the FDM fabricated
part with rasters without having any gaps in between rasters and also between rasters and contours.
The default value of RW, and CW is 0.508 mm, the distance perpendicular to the raster-raster
direction must be a multiplication of 0.508 mm. Otherwise, a gap of less than 0.508 mm might
occur in each layer. This process adds up in different layers of the FDM built part. The gaps are
not only a source of crack initiation which can affect the mechanical properties (Section 4.1), but
also a location where fluids can leak through. It is believed that these gaps are the reason FDM
fabricated parts cannot be effectively sealed. To address the issue, a sealing algorithm was
developed to suggest the best suitable RW in each layer of FDM fabricated parts. In this process,

the CAD model was converted to .stl file format. The .stl file format was sliced into a layer height
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SolidWorks
Image processing
Capture image
Detect edge
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MATLAB program

Import tooling
information

Figure 3.2: Process flow diagram of sealing algorithm

(slice height) of 0.254 mm (same slice height of FDM machine) using netfabb (netfabb GmbH,
Lupburg, Germany). The bitmap images of every layer of the entire model were obtained using
netfabb. A program was developed using LabVIEW (National Instruments, Austin, Texas) to
gather the edge pixel locations of each layer from those bitmap images. The program wrote the
edge pixel locations in a text file. The MATLAB code used the edge pixel location and determined
the best value of RW using a series of calculations, which ultimately gave the least or no gap in a
layer. After obtaining the build parameters, the job file was created using Insight software to export
tooling information to the FDM machine. The process flow diagram is shown in Figure 3.2. More

details of the algorithm are presented in Sections 3.8.1 — Section 3.8.6.
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3.8.1 LabVIEW programming

After getting the bitmap image of each layer, the image was exported into a LabVIEW
program to find the edge pixel location. The program scanned the entire image with a horizontal
line travelling from the top most point of the bitmap image to the bottom. The program stored the
edge pixel location through the entire scanning process. Based on the scan, the program returned
the pixel location if it gained edge, or lost edge compared to the scanning of previous pixel (Figure
3.3). The process can be written as:

Ap+1> Ay; gained edge

Apr1< Ay; lost edge

Here, A is the number of edges that were detected along a line in a pixel, and p was the
pixel number, starting from the top most point (u=0) to bottom (pu=n). A NI vision assistant
(National Instruments, Austin, Texas) was used to analyze the edge information. Based on getting
edge or losing edge, the program returned the pixel number in a .dat file. Depending on total
number of edges (R), a matrix of RxR was created in the .dat file. The pixel information was stored
in such a way that Riir = Ri2 =...... = Rin, (i, and n were positive integers, and n is the total edges
found in the respective layer). So Ri1 was defined as the pixel number of the corresponding edge

of an image. This edge information is further analyzed using the MATLAB code.

3.8.2 MATLAB programming

In the MATLAB code, an input of tip number or size was necessary, which fixed the lowest
and highest possible RW (based on the available RWs in Insight software) for the FDM fabrication.
In the experiment, a tip of T16 was used, the RW started from 0.406 mm to 0.863 mm. The matrix
information (R x R) is also necessary to calculate the edge pixel location (mentioned in Section
3.8.1). The distance from the top most edge, Rii, to any other edge, Rii was calculated by
subtracting the corresponding pixel numbers. It is necessary to transfer the pixel number into
inches (as FDM uses inches as the working dimension). The pixel to inch conversion will be

described in Section 3.8.3. The conversion can be shown in this way,
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Ni1 = Ri1 X conversion variables for pixel to inches

Start scanning from pixel number
N=0 from top vertical position

v

H P
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Print pixel number

(a)

A,=0
Gain edge A, =2

No edge gain or loss
A, =2

Gain edge
A, =4

lose edge

(b)

Figure 3.3: Edge pixel location based on gaining or losing edge (a) process flow diagram,
and (b) schematic diagram.
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Figure 3.4: Edge calculation for number of contours (a) complete image of a layer (b) selected
portion of the layer

As mentioned earlier, a constant CW of 0.508 mm was used for a total no. of 4 contours.
The subtracting of total CW (number of contours x CW) depended on whether the subtracting
pixel numbers were between empty spaces, or from empty to filled space. In the Figure 3.4, it was
evident that, in case of empty to empty space, a total of 8 contours (4 contours in each side) along
with total RW were needed to fill the surface by rasters. On the other hand, in case of empty to
filled space, the total surface filled, Yi by rasters was just the difference of the converted pixel
number into inches.

Yi= (Ni1t — N11) — 2x total CW (for case of in between empty space)

Yi= (Ni1 — N11) — total CW + total CW = (Ni1 — N11) (for case of empty space to filled)

Here, Yi is distance between edges considering contours and rasters.

The number of rasters (including fractional rasters) to the specific layer was calculated
using following equation:

_ Yi-RRAG

K = RWi_RRAG Here, j, and k are integers. k= total no. of edges in a layer (n) — 1 (In case

of Figure. 3.4(a) there are 4 edges). j represents the index of each RWs available in Insight.
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The whole number of Px was taken to calculate the raster number, Qx.

Qx = whole number of P« (for case of in between empty space)

Qx = whole number of Pk + 1 (for case of empty space to filled, an extra raster was added
which is shown using orange colored raster in Figure 3.4.b)

The remainder was calculated using the following equations:

Remainder, Tk = (Px~ Qkx) X (RW; -RRAQG)

A variable matching rasters with Insight software suggested number (described in Section
3.8.4) was taken into account based on remainder (Tk).

Sk = Qk £ no. of raster due to raster variables

The final remainder was calculated by the following equation,

Fx = (Px ~ Sx) x (RWj-RRAG)

Total gap created between the rasters and contours was found by,

Xi=2 Fx

The Xi is the summation of gaps found between the rasters and contours in a specific layer.
The RW that provided least gap was selected as the desired RW for that layer. These calculations
were applied in each layer of the CAD model, and found a set of suggestive RW (Appendix E

Table 1-Table 2). The square feature and circular dome were fabricated using those RWs.

3.8.3 Variables for pixel to inch conversion

The pictures of each layer were taken with a resolution of 300 DPI. That way, conversion
of pixel number to inches is achieved by multiplying pixel numbers by 1 over 300. The sealing
algorithm showed a variable conversion coefficient when pixel values were converted into inches.
This might happen because of an error (such as: round off error of the pixel number), associated
with getting pixel information using the LabVIEW program. The roundness or curvature in the
bitmap picture might be another reason behind variable conversion of the co-efficient. For this
purpose, a set of square prisms (for square feature), and a set of cylinders (for circular dome) were

used to determine the pixel to inch conversion. A set of features (shown in Figure 3.5) with a
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dimension of 0.6 inch (10.16 mm) to 6 inch (152.4 mm) for Type I and II design, and 3 inch
(76.2mm) for Type III and IV design, with an increase of 0.2 inch (5.08 mm) were drawn using
SolidWorks (length for square prism, and diameter for cylinders). The edge pixel locations were
obtained using LabVIEW program for the corresponding drawings. Now using this simple
conversion co-efficient equation, the conversion co-efficient was determined,

dimension in inch (according to the SolidWorks drawing)
Difference in Pixel (from LabVIEW program)

Conversion Co-efficient =

Four types of shapes were considered for conversion criteria. The shapes are shown in
Figure 3.5. The different values of a were plotted against pixel number in Figure 3.6-Figure 3.8.
Figure 3.6 shows the conversion co-efficient results considering Type I design for square feature.

Figure 3.7 shows the conversion co-efficient results considering Type II design for circular dome.

Type I Type I
Square
Type II Type IV
Circle

Figure 3.5: Schematic design consideration for conversion co-efficient measurements.
The double sided arrow show the intended measurements that were taken
into account
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Finally, Figure 3.8 shows the conversion co-efficient of Type III and Type IV designs considering
square feature and circular domes, respectively. A point worth noting, Type III and Type IV
depicted same values for conversion co-efficient. The curves showed somewhat oscillating
behavior, this could be due to low pixel resolution. It is anticipated, with the high resolution (such

as: 1200 dpi or more), it can be fixed or at least minimized. The equations were obtained using

0.00331

0.0033 v = 5E-05In{x} + 0.003 RS

R?=0.9371 ® .o
0.00329

0.00328 ° .
0.00327

0.00326

Conversion Co-efficient

0.00325

0.00324

0 100 200 300 400 500 600
No. of Pixels

(2)
0.00333

0.003325
y = 2E-05In(x) + 0.0032 9. 0@

- L)
0.00332 R?=0.9417 ..',..- o]

0.003315 '
0.00331 o

0.003305 -0

Conversion Co-efficient
Q

0.0033 °

0.003295
0 500 1000 1500 2000

No. of Pixels

(b)

Figure 3.6: Pixel to inch conversion for square prism considering Type I design, (a) up to 600
pixel number and (b) over 600 pixel number. The equation of the curve is shown
in the figure
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trend lines (dotted line in Figure 3.6-3.8). These equations were used in MATLAB code to convert

pixel values into inches values.
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Figure 3.7: Pixel to inch conversion for circular dome considering Type II design, (a) up to 600
pixel number and (b) over 600 pixel number. The equation of the curve is shown
in the figure
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shown in the figure.
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3.8.4 Variables for adding or deleting rasters

A series of square prisms similar to the Type I design (for square feature), and circular
cylinders similar to Type II (for circular dome) from Figure 3.5, were drawn using SolidWorks.
The .stl file was exported into the Insight software and checked for the total number of rasters. The
total number of rasters in some cases were not matched with the raster number calculated using

MATLAB code. The variation of the results (Figure 3.9) were found to be related with the
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Figure 3.9: Adding or deleting rasters based on features. A dotted curve was created
using unmatching raster numbers with Insight and the equation of the
curve is shown in the figure.
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remainder of the raster number. The remainder was calculated by the difference of Qk and Px. A
plot (shown in Figure 3.9) was developed which represent the fraction of RW that needs to be
round up to the next number (in case of square dome) to add a raster, or round down to the previous
number to delete a raster (in case of circular cylinder) in the calculation. As a result, the final
suggestive raster number (Sk) matched with the raster number represented by Insight. The equation
was developed using the remainder of unmatching rasters (where number of rasters in Insight does
not match with Sk). For example, in case of square feature, if the MATLAB code calculated Px =
75.95, and Insight used 75 rasters, it was considered as a match and was plotted as a blue dots. On
the other hand, if Insight used 76 rasters (round up), it was considered as unmatched and was
plotted using red dots with the trend line shown as a dotted red line (Figure 3.9 (a)). In case of
circular dome, if the MATLAB code calculated Px = 75.10 and Insight used 75 rasters, it was
considered to match and was plotted as blue dots. On the other hand, if Insight used 74 rasters
(round down), it was considered as unmatched and was plotted using red dots. In the case of
circular dome, the peak numbers were selected (green dots) and a trend line was obtained (dotted
green lines) and shown in Figure 3.9 (b). This analysis was used to determine when to round up or

round down.

3.8.5 Limiting raster width

In the sealing algorithm the raster width used was limited to the range 0.41 mm to 0.64
mm. The 0.41 mm is the lowest possible RW using tip T16. The reason behind using 0.64 mm as

the highest limit was that the gap between rasters increased with increasing RW (result of

Table 3.8: Analysis of gaps between the rasters. At least five measurement were taken for each

RW.
RW (mm) Total gaps between Average gap (um) Standard deviation
rasters (um)
0.41 19.92 3.98 0.59
0.64 17.47 3.49 0.41
0.81 26.41 5.28 0.63

37



measurement of gap shown in Table 3.8). Three specimens were built using RWs of 0.41 mm, 0.64
mm and 0.81 mm, respectively (shown in Appendix D Figure D1-D2). The RRAG was kept at 0
mm. The average gap in between the rasters was found to be about 30% higher using RW of 0.812
mm in comparison to RW of 0.406 mm. Removing large gaps (as those for the 0.81 mm) using a
constant negative RRAG might not be a solution. That is why the RW was kept up to 0.64 mm, to
maintain less gaps in-between the rasters. That way, the gaps were minimized or completely
removed using a constant RRAG. Another point was that a larger gap was created between rasters

and contours using higher RWs (optical picture shown in Figure 3.10). The higher RWs created
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Figure 3.10: Deposition of raster showing gap at between raster and contour using three
different RWs. Some gaps are highlighted in circle. The figures were taken using
same magnification.
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more gap during depositing rasters at the end of a raster whenever it starts to deposit another raster

in the same layer. The effect might be referred to as cornering defect using FDM.

3.8.6 Selecting RRAG for sealing algorithm

A negative RRAG was used to remove the gap in-between rasters that was found in optical
images (Appendix D Figure D3). A set of base plates of a circular dome was fabricated using three
different RRAG (-0.0228 mm, -0.0304 mm, and -0.0381 mm) (Appendix D Figure D4). A RRAG
of -0.0381 mm was used because it removed air gaps in between the rasters (Appendix D Figure
D3) and did not affect planarization (i.e., the layer surface was still smooth so that subsequent
deposition was not affected). With the increase in negative RRAG, the rasters become more
congested due to the partial overlapping of adjacent rasters. At some point, the increase of RRAG
created dislocated rasters, and resulted in a distorted surface at the top of the part. The surface
roughness was increased by increasing the negative RRAG, which was a clear indication of
distorted surface. The roughness value is shown in Table 3.9. The surface roughness was measured
using a Mitutoyo SJ-201P surface roughness tester (Mitutoyo America Corp., Aurora, IL). The
surface roughness results indicated that the higher roughness was obtained using higher negative
RRAG. The RRAG of-0.0381 mm was chosen for the fabrication purpose. Though, the roughness
value was still high, the optical image showed complete removal of air gaps in between rasters

(appendix D Figure D3) and that is the main reason for selecting the RRAG of -0.0381 mm.

Table 3.9: Analysis of surface roughness. Five different surfaces were taken to measure the
surface roughness value

Negative RRAG (mm) Average Ra (um) Standard deviation
0.0228 66.38 0.78
0.0304 37.184 5.06
0.0381 123.6 14.50
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3.9 Processing Parameter of Specimens for Pressure Test

3.9.1 Flat plate specimen

A flat plate was fabricated to see the feasibility of the FDM fabricated parts in pressure
application. Processing parameters are shown in Table 3.10. PC was used to fabricate the part. The
building parameters were selected using a successive process of obtaining a minimum gap using
Insight software renderings. A negative RRAG was established based on a trial and error basis. A
negative RRAG of 0.381 mm was used for the fabrication. This was possible due to the fact that
each layer was the same in terms of geometry because there was no upper feature beyond the flat
plate. It was observed that with additional feature of the design and with increased thickness, the
part became more distorted. One of the reasons for the distortion of the part is due to the heat
capacity of the thicker and larger part. The dimensions of the flat plate are shown in Appendix A

Figure AS.

Table 3.10: Processing and building parameters used in pressure test specimens of flat plate

Machine used | FDM Titan
Model

Material PC
Extrusion tip T16
Extrusion temperature 360° C

Part interior style Solid normal
RA 45°%-45°
Part RW 0.457 mm
Part CW 0.457 mm
Part RRAG -0.038 mm
No of Contours 1

Support

Material PC support
Extrusion tip T16
Extrusion temperature 365° C
Support style Basic support
Envelope

Envelope temperature

| 145°C
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3.9.2 Square feature specimen

A square feature (dimensions shown in Appendix A Figure A6) was fabricated using the
building parameters shown in Table 3.11. The RWs (shown in Appendix E Table E1) were
calculated using the algorithm described in Section 3.8. The RWs in the algorithm were based on
the specimen’s surface dimensions in the respective layer height. As a result, the RW varied along

the specimen’s height.

3.9.3 Circular dome specimen

The circular dome was fabricated using the same building parameters, and sealing

algorithm as was mentioned in Section 3.8. Another specimen was fabricated using default

Table 3.11: Processing and building parameters used in pressure test specimens using sealing
algorithm: square feature and circular dome

Machine used | FDM Titan

Model

Material PC

Extrusion tip T16

Extrusion temperature 360° C

Part interior style Solid normal

RA 0%90°

Part RW Based on test specimen and layer height (Appendix
E)

Part CW 0.508 mm

Part RRAG -0.038 mm

No of Contours 4

Contour style Link contours

Support

Material PC support

Extrusion tip T16

Extrusion temperature 365° C

Support style Basic support

Envelope

Envelope temperature | 145°C
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Table 3.12: Default processing and building parameters used in pressure test specimens and
density measurement specimens

Machine used | FDM Titan
Model

Material PC
Extrusion tip T16
Extrusion temperature 360° C

Part interior style Solid normal
RA 0%90°

Part RW 0.508 mm
Part CW 0.508 mm
Part RRAG 0 mm

No of Contours 1

Support

Material PC support
Extrusion tip T16
Extrusion temperature 365° C
Support style Basic support
Envelope

Envelope temperature

| 145°C

parameters (Table 3.12) to compare the as fabricated part with the part fabricated using sealing

algorithm. The dimensions of the circular domes are shown in Appendix A Figure A7.

3.10 Density Measurement Specimens using Sealing Algorithm

A cube was designed with dimensions of 25.4 mm X% 25.4 mm x 25.4 mm according to

ASTM D1622 standard [38]. Two types of samples were fabricated, 1) using the default

parameters (Table 3.12), 2) using the sealing algorithm suggested parameters. In the case of sealing

algorithm suggested parameters, all the processing parameters were the same as Table 3.11 except

that the RW of 0.457 mm was used. Three specimens were fabricated using each build parameters.

The density was measured using both methods described in Section 3.5.The specimens were

conditioned at 23" C and at 50% relative humidity for not less than 40 hours prior to testing the

specimens.

42



3.11 Pressure Testing

An aluminum test fixture was machined using a computer numerical control (CNC) system.
In this case a HAAS mini mill 2 (Haas Automation Inc., California) was used. The test specimen
was installed in a custom made text fixture (shown in Figure 3.11). The fixture had an air tube
inserted at the bottom section of the setup. The test set up assembly was submerged in water. A
compressed air source was attached to the air tube to supply high pressure inside the cavity (both
square feature and circular dome). As a starting point, air pressure of 34.47 kPa (5 psi) was applied.
After that, an increase of 34.5 kPa/min (5 psi/min) was maintained until the test failed. For safety
concern, the maximum limit of pressure was set at 207 kPa (30 psi) so that any kind of catastrophic
failure or explosion did not occur during the testing. The test failed condition was noted by leaking,

in the form of air bubble formation due to the applied air pressure.

(b)

Figure 3.11: Pressure test (a) test specimen inserted in the fixture and (b) air pressure tube
assembly at the back side.
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CHAPTER 4: Results

4.1 Parameter Modification Results

4.1.1 Optical observation

The toolpath renderings generated by Insight and optical images of the actual material
deposition is shown in Appendix B Figure B1-B3 (more optical observations are shown in Figure
4.1-4.3). As mentioned earlier, the gap between rasters and contour can be seen in the Insight
software toolpath renderings. In Appendix B Figure B1, it can be seen that the gap between the
rasters and contour are visible for XYZ build orientation. The gap between the rasters and contour

were removed using the Insight revision method using modified build parameters of CW at 0.432

Default Insight revision method Visual feedback method
(CwW:0.508 RW.0.508 RRAG:0) (CW:0.432 RW:0.432 RRAG:0) | (CW:0.432 RW:0.432 RRAG:-0.013)
RAD/S90
RA 307607
RA 457/-45"

Figure 4.1: Optical images of specimens build in XYZ orientation with gaps shown by black
circles (parameters are set in mm)
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Default Insight revision method Yisual feedback method
(CW:0.508 RW:0.508 RRAG:D) (CW:0.508 RVW:0.483 RRAG:0) | (CW:0.508 RW:0.433 RRAG:-0.013)
RAD/S0
RA 307-60°
RA 457-45"

Figure 4.2: Optical images of specimens build in XZY orientation with gaps shown by black
circles (parameters are set in mm)

mm, and RW at 0.432 mm. The same observation for the XZY, and ZXY build orientations was
detected, from the point of view of the removal of gaps between the rasters and contour. Despite
the removal of gaps in the Insight revision method, some gaps were observed in the optical
observation. The gaps between the rasters were not depicted in Insight toolpath renderings. The
more optical observations for three methods, 1) Default method, 2) Insight revision method, and
3) visual feedback method, are shown in Figure 4.1-4.3.

The optical observations for the XYZ build orientation using RAs of 0"/ 90", 30"/ -60°, and
45"/ -45"is shown in Figure 4.1. The default method (CW of 0.508 mm, RW of 0.508 mm, and
RRAG of 0 mm) showed gap between the rasters. With the Insight revision method, using a
decreased CW, and RW widths (CW of 0.432 mm, RW of 0.432 mm, and RRAG of 0 mm), the
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Default
(CW:0.508 RW:0.508 RRAG:D)

Insight revision method
(CW:0.559 RW.0.457 RRAG:D)

Yisual feedback method
(CW:0.559 RW:0.457 RRAG:-0.013)

RA 07790
- W v
a@Ha & : ;
RA 30°/-607
RA 457-45"

-

Figure 4.3: Optical images of specimens build in ZXY orientation with gaps shown by black
circles (parameters are set in mm)

gaps between the rasters were reduced. A RRAG of -0.013 mm was introduced in the visual
feedback method to remove the gaps. The gaps between the rasters were completely removed using
CW of 0.432 mm, RW of 0.432 mm, and RRAG of -0.013 mm for XYZ build orientation. The
optical images for the XZY orientation are shown in Figure 4.2. The gaps between rasters, and
contour were more visible for a RA of 0790°. The gaps were removed using the Insight revision
method. However, the gaps were still visible for the other two RAs. The visual feedback method,
showed similar gaps when compared with the Insight revision method. The optical view for the

ZXY orientation is shown in Figure 4.3. The gaps between rasters, and contour are more visible
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using default parameters. In this orientation, the FDM tip had to cover less geometric area, which
created more congested rasters. This ultimately showed little to no gap in between rasters. The
gaps between rasters, and contour were minimized using the Insight revision method. Gaps were

also further minimized using the visual feedback method.

4.1.2 Mechanical testing result
The UTS results are shown in Figure 4.4 for the 3 build orientations (XYZ, XZY, and

7ZXY) and 3 different RAs (0" / 90°, 30" / -60°, and 45" / -45"). The highest increase in UTS was

obtained using the visual feedback method, compared to the UTS obtained using default
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S 40 RW 0.508 mm S 40 RW 0.508 mm
@ RRAG 0 mm @ RRAG 0 mm
2 2
g 30 = CW 0.432 mm g 30 uCW 0508 mm
° RW 0432 mm * 2‘;‘:\%453 mm
T o mm
E 20 RRAG 0 mm E 20
=] =] mCW 0.508 mm

"W 0.432 mm RW 0.483 mm

RW 0.432 mm
RRAG -0.013 mm

=}
=}

RRAG -0.013 mm
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o

0°/90° 300/-60° 45045 0° /90° 300/-60° 450 /45"
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& RW 0.457 mm
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Figure 4.4: Ultimate tensile strength for a) XYZ build orientation b) XZY build
orientation and c¢) ZXY build orientation. Each bar represents the average
of at least 5 specimens and the error bars are +/- standard deviation
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Table 4.1: Percentage UTS increase relative to UTS from default method

RA | Insight revision method |  Visual feedback method

XYZ build orientation

0%/90° 4% 15%

30%/-60° 6% 19%

459/-45° 5% 13%
XZY build orientation

0°/90° 7% 8%

30%-60° 1% 7%

45°/-45° 6% 7%
ZXY build orientation

0%/90° 13% 22%

30%/-60° 1% 31%

459/-45° 2% 13%

parameters. The highest percent increase obtained in UTS was 19% (44.76 MPa to 53.22 MPa), in
comparison to the results obtained using default parameters, for a RA of 30"/ -60" and XYZ build
orientation. The highest increase in UTS was obtained 8% (57.94 MPa to 62.84 MPa) in XZY, and
31% (26.87 MPa to 35.27 MPa) in ZXY build orientation using visual feedback method when
comparing results obtained using the default method. The percent increase in UTS for the three
methods are noted in Table 4.1.

The highest UTS was obtained for the specimen built in XZY orientation, and specimens
built in ZXY orientation showed the lowest (Figure 4.4). The work performed by Bellini & Giiceri
[21] showed similar results with ABS and reported highest UTS achieved using the parts built in
XZY orientation. The specimen built in XZY orientation has more contours deposited in the tensile
loading direction. This might be one of the reasons for the increase in UTS using XZY orientation.
The specimens built in ZXY orientation showed poor UTS and a highest UTS of 35.27 MPa was
obtained, which was, around half of the UTS observed for the specimens built in the XZY
orientation. In case of ZXY orientation, the layers were created in perpendicular orientation of the

loading direction (Figure 4.5). As a result, the tensile strength obtained by the specimen built in
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Tensile loading
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Figure 4.5: Schematic diagram of raster deposition in ZXY build orientation

ZXY orientation was mainly because of interlayer bonding. The interlayer bonding of FDM
fabricated part is not as strong as the material itself which cause a decrease in UTS. In all the three
build orientations, the highest UTS was obtained using a negative RRAG introduced into the visual
feedback method. A negative RRAG causes a partial overlapping of the rasters, which in turn,
removes the gap in between rasters (Figure 4.1-4.3).This may lead to the increase in UTS observed
for all the three build orientations.

The t-test results (Table 4.2) showed that the results obtained using the default method, and
visual feedback method were significantly different, at a 95% confidence level, or p value less than
0.05. The only exception was found for the specimen built in ZXY build orientation using the RA
of 45°/-45". The reason is that the gaps between rasters and contour were not significantly removed,
which can be seen in Figure 4.3 (for the specimens built in ZXY build orientation). The specimens
built in the ZXY built orientation were surrounded by the support material during building, and
also it shows a visible seam line, which altogether leads to a poorer surface finish (Appendix D
Figure D5). That might cause high standard deviation in the results. The ANOVA test (Table 4.3)

shows the results of UTS for different RAs. The results show that changing the RAs has no
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Table 4.2: t-test results comparing UTS of default and visual feedback method

Build RA Sample 1 Sample 2 t-statistical | t-critical | p-value
orientation

XYZ 0%/90° Default | Visual feedback 5.11 1.85 4.5e-04
30%-60° | Default | Visual feedback 8.51 2.01 1.84e-04
45%/-45° | Default | Visual feedback 9.65 1.85 5.5e-04

XZY 0%/90° Default | Visual feedback 13.01 1.85 5.75e-07
309-60° | Default | Visual feedback 4.10 2.01 0.004
459-45° | Default | Visual feedback 3.22 2.01 0.011

ZXY 0%/90° Default | Visual feedback 2.02 1.85 0.038
309%-60° | Default | Visual feedback 3.90 1.85 0.002
459/-45° | Default | Visual feedback 1.44 1.85 0.094

significant difference (p value greater than 0.5) in UTS using the same build method and the same
build orientation. The only deviation in the results was found for the Insight revision method and
visual feedback method using the ZXY orientation. The poorer surface finish, mentioned earlier,
might be the reason for this exception (Appendix D Figure D5). In the experiment, the delta angle
(subtraction of RAs between two adjacent layers) was kept constant at 90°. As a result, the
directional effect created by one layer might be nullified by the adjacent layer. That might be the

reason that there was no significant difference of UTS among the RAs. However, Masood ef al.

Table 4.3: ANOVA table for UTS to compare results in 3 RAs for each method considering all
three build orientations

Build RA Sample 1 | Sample2 | Sample3 | F- F-critical | p-value
orientation value

XYZ 0%90° 0%90° 30%-60° | 45%-45° | 2.54 3.88 0.120
309%-60° | 0°/90° 30%-60° | 45%-45° | 0.70 3.88 0.511
45%-45° | 0°/90° 30%-60° | 45%-45° | 1.64 3.88 0.234

XzY 0%/90° 0%90° 30%-60° | 45%-45° | 1.38 3.88 0.288
30%-60° | 0°/90° 30%-60° | 45%-45° | 3.34 3.88 0.069
45%-45° | 0°/90° 30%-60° | 45%-45° | 3.76 3.88 0.053

ZXY 0%/90° 0%90° 30%-60° | 45%-45° | 3.06 3.88 0.083
30%-60° | 0%90° 30%-60° | 45%-45° | 5.89 3.88 0.016
45%-45° | 0°/90° 30%-60° | 45%-45° | 4.72 3.88 0.030
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[17] suggested otherwise, and mentioned that changes of RAs have an effect on UTS, either with
an increase or decrease. However, statistical analysis was not performed with those results.

The result of Young’s modulus is shown in Figure 4.6. The highest average value of
Young’s modulus was obtained 1816 MPa in the XYZ build orientation. This value was achieved
for a RA of 07/90" using the visual feedback method (in comparison with the 1595 MPa using
default method). In the XZY orientation, the highest average value found was 1884 MPa for a RA
of 45'/-45" using Insight revision method (1861 MPa was found using the default method). Finally,
the highest average value obtained, in the ZXY build orientation, was 1847 MPa for a RA of 457/-
45" using the visual feedback method (1801 MPa was obtained using the default method). The
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< = <} RW 0.483 mm
E 1850 = CW 0.432 mm £ 1650
o RW 0.432 mm ) RRAG 0 mm
c 1600 RRAG 0 mm £ 1600
2 g =CW 0.508 mm
1550 1550 RW 0.483 mm
= CW 0.432 mm RRAG -0.013 mm
1500 RW 0.432 mm 1500
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Figure 4.6: Young’s modulus for a) XYZ build orientation, b) XZY build orientation
and ZXY build orientation. Each bar represents the average of at least 5
specimens and the error bars are +/- standard deviation
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optical image analysis led to a realization that the changes in Young’s modulus might have a direct
relation with air gap removal. For Example, Figure 4.1 shows a considerable removal of air gaps
between the default and the visual feedback method for a RA of 45'/-45", and the difference in
Young’s modulus was significant as well. In Figure 4.2, a little to no removal of air gap was
observed between the default and visual feedback methods for a RA of 45'/-45", and no significant
difference in Young’s modulus was found.

Figure 4.7 shows the tensile strain results for three build orientations. The highest average
value of tensile strain obtained was about 8% for a RA of 45'/-45 using the Insight revision method

(compared to 4.9% obtained using default method). The value ranges from 3.5%-8% in this
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Figure 4.7: Tensile strain for a) XYZ build orientation, b) XZY build orientation and
ZXY build orientation. Each bar represents the average of at least 5
specimens and the error bars are +/- standard deviation
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orientation. The highest average value obtained of tensile strain, in XZY build orientation, was
7.2% for a RA of 45'/-45" using the visual feedback method (whereas 4.6% was obtained using the
default method). In this case, the results range from 4%-7.2%. The maximum average value of
tensile strain obtained, in the ZXY build orientation, was about 2% for a RA of 30"/-60" using the
visual feedback method (1.6% was obtained using the default method). With ZXY build
orientation, the value ranges from 1.5%-2%. The inter layer bonding is the main resistance to
tensile load using ZXY build orientation, where little elastic deformation was observed prior
failure. In the other 2 orientations, XYZ and XZY, elastic deformation occurred along the rasters.
In this case, much more elongation was necessary for fracture. A tensile strain of 5% using PC
was reported by Nadooshan, Daneshman, and Aghanajafi [29]. Finally, it can be noted that the
higher values of tensile strain can be obtained by modifying build orientation and building
parameters.

The characteristic stress-strain curves, using the results mentioned above, are shown in

Figure 4.8. The graph is plotted using the average value obtained for three build orientations (XYZ,
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Figure 4.8: Characteristic stress-strain curves for three build orientations: XYZ, XZY,
and ZXY. XYZ is represented by a solid line, XZY by a dashed line, and
ZXY by a round dotted line. The default, Insight revision, and visual
feedback methods are shown in blue, green, and purple lines, respectively
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XZY, and ZXY) using the default, Insight revision method, and visual feedback methods. The
graph shows the result for a RA of 0790, as there was not much difference observed using different
RAs. The graph illustrates the benefits of performing parameter modification in contrast with

mechanical properties.

4.1.3 Density measurement result

The density of three methods (default, Insight revision and visual feedback method) were
measured using both of the test methods described in Section 3.5. The density results are shown
in Table 4.4.The density increased using the visual feedback method when compared to other two
methods. The density increased about 1.9%, and 1.6% using ASTM D1622, and ASTM D792 test
methods, respectively when visual feedback method was compared to default method. The density
results showed statistically significant difference when comparing default and visual feedback
method using t-test for both test methods. The increase in density is an indication of air gap
removal which can also act a sign in improving mechanical properties using visual feedback

method.
4.2 Thermal Cycle Testing Result

4.2.1 Mechanical testing result

The thermal cycling tests showed that average value of UTS (Figure 4.9) remained in the

range of 43.9-45.2 MPa. The results of UTS for no. of cycle 0 and 150 were not statistically

Table 4.4: Density measurement result using build parameter modification

Method Density Standard Density Standard
measured deviation measured deviation
using using ASTM
ASTM D792
D1622 (g/cm?®)
(g/cmd)
Default 1.07 2.2x1073 1.098 1.23x10°3
Insight revision method 1.08 8.1x10* 1.103 6.99x10%
Visual feedback method 1.09 1x1073 1.116 6.81x10™
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Figure 4.9: UTS result of thermal cycled specimen. Each bar represents the average of
at least 5 specimens and the error bars are +/- standard deviation

different. One of the reasons for this might be that the maximum number of cycle was 150, which
may be too low to induce a change in the UTS. The unchanged nature of UTS indicates the
possibility of higher service life of a PC part, which may be used in the electrical wiring harnesses
of automotive cars.

The Young’s modulus (Figure 4.10) was increased with the increase of the thermal cycles.
The Young’s modulus increased from 1389 MPa to 1469 MPa after 150 thermal cycles. The
increase in Young’s modulus might have happened because of polymer hardening through the
expansion and contraction due to thermal cycling [40]. The effect of cross linking of polymers
might also increase the Young’s modulus, though it is observed that cross-linking has little effect
in glassy region [41]. As a result, there was a statistically significant change in Young’s modulus
when the no. of cycle was 0 and 150.However, this type of study for higher thermal cycles still

leave question unanswered.
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Figure 4.10: Young’s modulus result of thermal cycled specimen. Each bar represents
the average of at least 5 specimens and the error bars are +/- standard

deviation

The tensile strain results (Figure 4.11) showed a tendency of decreasing with the increase

of thermal cycle. The tensile strain decreased from 5.43% to 5.32% after 150 thermal cycles. The

decrease of tensile strain might depend on the nature of polymer backbone [41]. Further analysis
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Figure 4.11: Tensile strain result of thermal cycled specimen. Each bar represents the
average of at least 5 specimens and the error bars are +/- standard

deviation
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Figure 4.12: Deformation of thermal cycled specimen. Each bar represents the average
of at least 5 specimens and the error bars are +/- standard deviation
needs to be performed to describe the tensile strain. The results of tensile strain for no. of cycle 0

and 150 are statistically significantly different, though the change is really small (0.11%).

4.2.2 Deformation result

The deformation of the tensile test specimen was observed throughout the thermal cycling.
The deformation results are shown in Figure 4.12. The deformation was found to be around 35 um
— 78 um. The deformation of the specimen was a result of the thermal cycle. Due to the thermal
expansion and contraction of thermoplastic material, the interlayer bonding of two adjacent layers

might be degraded. As a result, there might be a deviation from the specimen’s previous state.
4.2.3 Glass transition temperature result

The glass transition temperature was measured in order to determine the effect of thermal
cycling on the glassy to rubbery condition of PC. The results (Figure 4.13) show that the as-
fabricated specimen has an average glass transition temperature of 152.58" C when compared to
161" C reported by Stratasys Inc. [42]. This property did not change significantly throughout the

thermal cycle. The thermal cycle was well below the glass transition temperature which enables
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Figure 4.13: Glass transition temperature of thermal cycled specimen. Each bar
represents the average of at least 5 specimens and the error bars are +/-
standard deviation

the possibility of using PC in such a temperature. A minimum of 3 samples were tested for each
step of the thermal cycle. The results showed negligible deviation in glass transition result due to

thermal cycling.
4.3 Sealing Algorithm result
4.3.1 Density result

As mentioned earlier, the density of the test parts fabricated using the sealing algorithm
was compared with the parts fabricated using the default parameters. The density measurement
results are shown in Table 4.5. The results showed an increase of about 5.2%, and 3.4% in density
for ASTM D1622, and ASTM D792 method, respectively, when comparing sealing algorithm
method to the specimens built using the default parameters. The increase in density indicates the

removal of air gaps in the fabricated parts which is the main concern in gaining sealed parts.
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Table 4.5: Density measurement result

Built using Default Built using Sealing
Parameters algorithm parameters
Number of samples 3 3
Density measured using 1.082 1.139
ASTM D1622 (g/cm®)
Standard deviation 2.13x10° 5.91 x 107
Density measured using 1.117 1.155
ASTM D792 (g/cm®)
Standard deviation 6.82 x 10* 1.07 x 1073

4.3.2 Pressure testing result

The sealing algorithm was developed to reduce or completely remove the air gaps present
in FDM fabricated parts. As a baseline, the circular dome, fabricated using the default parameters,
was tested using the test set-up described in Section 3.11. The results showed leakage, evident by
bubble formation in the water (Figure 4.14) during testing at 34.5 kPa (5 psi). This demonstrates
the present condition of FDM fabricated parts in fluid pressure application.

The flat plate specimen showed a sealed part fabrication was possible using FDM system.
As mentioned earlier, the flat plate sealed part was achieved using the visual inspection from
renderings created by Insight and choosing different RRAG, based on trial and error basis. This
method was possible because the simple plate design containing layers of same thickness.
Therefore, removing air gaps from one layer with a specific set of FDM processing parameters
represented a solution for all layers. This method would obviously be very cumbersome for parts
whose layer’s geometry changes throughout. As such, the next step was to fabricate a part that can
be built without the help of using Insight renderings. As a result, the sealing algorithm was
developed to fabricate FDM sealed part using two types of design, 1) square feature and 2) circular
dome. The processing parameters were described in Section 3.9. The square feature showed
leakage in the pressure testing (Figure 4.15). It is important to note that the leakage was observed

mainly in the edges of the part. Point to be noted that the contours were totally exposed in the outer
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Front view Side view

Figure 4.14: Pressure testing on circular dome using default parameters. The figure depicts a
large amount of air bubble formation in the water.

surface which were not modified to remove air gaps in the sealing algorithm method. For the
contours, the only modification was the use of linking contour option. It created the link contours
in comparison to contours with multiple seams. This was done to minimize the defect of seam
lines. The square feature showed less quantity of bubbles in comparison to the circular dome that
was built using default parameters (Figure 4.14). In the future, the modification of the contour
deposition will also be considered for better performance.

The circular dome was tested using the same procedure and found no visible evidence of
air bubbles. The circular dome was completely sealed up to 137 kPa (20 psi). At 30 psi, there was
some (around 3-6) bubbles formed that attached to the dome surface. The pressure test results are
shown in Figure 4.16.

An analytical study can determine the maximum allowable pressure allowed by an

injection molding and compare it with the result obtained from the FDM fabricated parts. For the
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Front view Side view

Figure 4.15: Pressure testing on square feature using modified sealing algorithm parameters.
The figure depicts some air bubble formation in the water.

analytical calculation, it was assumed to be thick walled spherical shell [44]. The UTS of injection

molded PC parts were taken as 62 MPa [45] and a factor of safety of 4.75 was considered [46].

So, the maximum allowable stress is (Ginjection molding) allowable = % =13.05 MPa
For thick walled spherical shell,

PR3 PR3
2R3 -RY) 2(R3-RD)

((5 injection molding) allowable =

Here, R1 = inner radius, 40.64 mm

R2 = outer radius, 50.8 mm

P = internal pressure

By calculating, internal pressure was 6.29 MPa for injection molded PC parts.

Now, comparing the result obtained from FDM fabricated parts, results obtained from
Figure 4.4 for ZXY build orientation (as possible failure might happen due to detaching of

interlayer bonding). A UTS of 27.26 was taken for a RA of 0790 using visual feedback method.

. . 27.26
So, the maximum allowable stress is (GFDM fabrication) allowable = T 5.74 MPa

Using the same equation for thick walled spherical shell, the internal pressure of 2.76 MPa

was obtained which is around 50% in compare to injection molded PC parts. If the FDM fabricated
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Front view Side view
At 206 kPa (30 psi)

Figure 4.16: Pressure testing on circular dome using modified sealing algorithm parameters.
The figure depicts no air bubble formation in the water at 137 kPa. Few air
bubbles formed and stick to the surface at 206 kPa. Some bubbles are circled in
the figure.

parts can be fully sealed, it should be able to withstand the pressure of 2.76 MPa using the current

setup. It is worth noting that, a maximum pressure of 137 kPa was obtained without showing any

kind of bubble formation during experiment.
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CHAPTER 5: Conclusion and Recommendations

5.1 Conclusion

It was found that building parameters can play a vital role in improving mechanical
properties of FDM produced parts. The higher UTS was obtained using Insight revision method
parameters, rather than using default values. The UTS further improved using visual feedback
method by introducing negative RRAGs. The visual feedback method resulted in an average
increase in UTS of 16%, 7%, and 22% for XYZ, XZY, and ZXY build orientations, respectively,
when compared to the default method. The optical image analysis led to the realization that the
gap between rasters can have a detrimental effect on mechanical properties. The removal of those
gaps actually led to the improvement of the mechanical properties. Another realization was, that
although gaps were present, they were not visible with the Insight software. As a result, a negative
RRAG was used to remove those previously unidentified gaps. The negative RRAG allowed the
rasters to attach with each other in the same layer which ultimately improved the mechanical
properties of the fabricated parts. Among three build orientations, XZY showed higher UTS in
comparison to the other two. The higher number of contours were deposited along the tensile
loading direction when XZY build orientation was used in compare to the other two build
orientations. This might be the reason of improvement in achieving higher UTS. In ZXY
orientation, the only resistance to tensile loading was the bonding between two adjacent layers. As
a result, specimens built in ZXY build orientation depicted lower UTS. This fact has to be
considered when producing FDM fabricated parts for engineering applications.

The mechanical properties of thermal cycled parts were also addressed in this study. The
mechanical testing results and deformation results showed the possibility of using the PC
fabricated parts in engineering applications where thermal cycling might be a factor. The glass
transition temperature also did not change significantly during testing.

Finally, a sealing algorithm was developed in this study which is a novel initiative in FDM
technology. The entire process was non-destructive and did not need any in-situ monitoring during

fabrication process (both are alternative methods that may be considered) which could reduce
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various complications in obtaining sealed FDM parts. Previously, the FDM parts were sealed using
different kinds of sealant or post processing [32]. The current study did not require any post
processing, and sometimes costly, techniques. The pressure test showed that the fabricated part
can withstand 138 kPa without showing any type of leakage. This can lead to the possibility of
holding a FDM fabricated cup in hand without any chance of leaking. The fabrication of a sealed
water hose, or a pipe for a home using a 3D printer might be possible in the future. This study
shows the sealed parts up to 138 kPa, in case of higher pressure (e.g., 400 kPa or more) high
strength material (such as, PPSF, ULTEM 9085) might be used. This shows the possibilities
brought forth by an improvement at the processing parameter selection level. Moreover, the sealing
algorithm does not require any additional time or cost of conventional sealing process (applying
sealants, hot isostatic pressing, etc.) as the as there is no additional post-processing involved.
Theoretically, FDM fabricated parts can withstand 2.76 MPa, if that’s possible, a variety of
applications might happen. Obviously, the industries will benefit from gaining access to improved

mechanical properties, and sealed FDM parts.

5.2 Recommendations for Future Work

Further studies of the interlayer bonding can be an effective step as interlayer bonding
showed lower tensile properties. The external input (e.g., UV light cure, solvent deposition)
process in between two adjacent layers can be implemented which might improve mechanical
properties for the specimens build in ZXY orientation. The process might contain an additional
curing (in case of UV light cure) or material dispensing system (in case of solvent deposition)
along with FDM system. The effect of layer thickness can also be tested as it may preferably show
good resolution or surface finish after fabrication process but it will surely consume significant
amount of time as more layers has to be built.

The higher thermal cycle can be explored to have more insight on mechanical properties,
dimensional changes, degradation of material, etc. The temperature rate can be increased to

observe any kind of thermal shock and rapid deformation.
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The contour modification will be accounted in the sealing algorithm as it surely opens the
possibility to seal each layer more properly. As a result, it surely will increase the possibility to
obtain as fabricated sealed parts for complex geometries. In addition, a higher pressure test
(circular dome was only tested up to 207 kPa) needs to be performed to see the complete leakage.
A computed tomography (CT) scan study can be done to see the internal condition of the tested
part and compare it with the previous testing condition to figure out weak zone of the design. As
well, CT scan can be done on the parts fabricated using sealing algorithm and can be cured the
local defect zone using adhesives. In future, the sealing algorithm will include different RAs (e.g.,
307-60’, 45'/-45", etc.) in extension of present study for 0790° RA. The improvement of mechanical
properties using sealing algorithm will also be justified in future. As different machines have
different dimensional accuracies and also may have different deposition algorithms, so some

protocol factor needs to be obtained to transfer the sealing process from one machine to another.
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Appendix A

XYZ

<

Figure Al: Three build orientations for the tensile specimens based on ASTM F2921
terminology

Model part shown in red

<+——— Surround support

Figure A2: The surround support style for specimen built in ZXY orientation
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Figure A3: Tensile test specimen. Dimensions according to ASTM D638 type 1
specimen

Figure A4: Dimensions of glass transition temperature measurement specimens
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Figure AS: Flat plate specimen for pressure test. All the dimensions are in mm
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Figure A6: Square feature specimen for pressure test (a) top view, (b) bottom view.
All the dimensions are in mm.
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Figure A7: Circular dome specimen for pressure test (a) top view, (b) bottom view.
All the dimensions are in mm
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Appendix B
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Figure B1: Rendered toolpaths generated by Insight (left) and actual deposited material
(right) for the XYZ orientation using a 0/90" raster angle; a) and b) default parameters
(CW 0.508 mm, RW 0.508 mm, RRAG 0 mm), c) and d) Insight revision method
parameters (CW 0.432 mm, RW 0.432 mm, RRAG 0 mm)
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Figure B2: Rendered toolpaths generated by Insight (left) and actual deposited material
(right) for the XZY orientation using a 07/90" raster angle; a) and b) default parameters
(CW 0.508 mm, RW 0.508 mm, RRAG 0 mm), c) and d) Insight revision method

parameters (CW 0.508 mm, RW 0.483 mm, RRAG 0 mm)
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Figure B3: Rendered toolpaths generated by Insight (left) and actual deposited material
(right) for the ZXY orientation using a 0/90° raster angle; a) and b) default parameters
(CW 0.508 mm, RW 0.508 mm, RRAG 0 mm), c¢) and d) Insight revision method
parameters (CW 0.559 mm, RW 0.457 mm, RRAG 0 mm)
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Appendix C

| Tensile test
| | specimen

Figure C1: Tensile test set-up
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Figure C2: Dimensions of specimens for density measurement test using modifying
parameter

Warping test
specimen

Figure C3: Warping measurement
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+—— Measuring probe

Fixed at the platform

Test specimen
Measured warping
Test setup platform

Figure C4: Schematic diagram of warping measurement procedure

Figure C5: Thermal test set-up
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Figure C6: Schematic diagram of glass transition temperature measurement
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Appendix D

10cm

Figure D1: Specimens for determining RW limit based on gaps in between rasters. In
this case, three different samples were fabricated using RW equal to 0.406 mm, 0.635
mm, and 0.812 mm respectively.
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RW 0.406 mm RRAG 0

e —

RW 0.812 mm RRAG 0

Figure D2: Optical image of specimens for determining RW limit. The gaps between
rasters are shown in figure
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RW 0.508 mm RRAG -0.038 mm

Figure D3: Optical image of rasters deposition using three different RRAGs
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Figure D4: Optical view of rasters deposition using three different RRAGs. The blue
color was used to visualize the surface more clearly. Note that the bottom image has the
higher concentration of blue color indicative of a rougher surface.
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Figure D5: Poor surface finish observed during building in ZXY build orientation
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Table E1: RW obtained for square feature using sealing algorithm for each layer. The RWs are

Appendix E

in inch

Layer No RW Layer No RW Layer No RW

6 0.017 37 0.023 68 0.023
7 0.017 38 0.023 69 0.023
8 0.017 39 0.023 70 0.023
9 0.017 40 0.023 71 0.023
10 0.017 41 0.023 72 0.023
11 0.017 42 0.023 73 0.023
12 0.017 43 0.023 74 0.023
13 0.017 44 0.023 75 0.023
14 0.017 45 0.023 76 0.023
15 0.017 46 0.023 77 0.023
16 0.017 47 0.023 78 0.023
17 0.017 48 0.023 79 0.023
18 0.017 49 0.023 80 0.023
19 0.017 50 0.023 81 0.023
20 0.017 51 0.023 82 0.023
21 0.017 52 0.023 83 0.023
22 0.017 53 0.023 84 0.023
23 0.017 54 0.023 85 0.023
24 0.017 55 0.023 86 0.023
25 0.017 56 0.023 87 0.023
26 0.017 57 0.023 88 0.023
27 0.017 58 0.023 89 0.023
28 0.017 59 0.023 90 0.023
29 0.017 60 0.023 91 0.023
30 0.023 61 0.023 92 0.023
31 0.023 62 0.023 93 0.023
32 0.023 63 0.023 94 0.023
33 0.023 64 0.023 95 0.023
34 0.023 65 0.023 96 0.023
35 0.023 66 0.023 97 0.023
36 0.023 67 0.023 98 0.023
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Layer No RW Layer No RW Layer No RW
99 0.023 129 0.023 158 0.021
100 0.023 130 0.023 159 0.021
101 0.023 131 0.023 160 0.021
102 0.023 132 0.023 161 0.021
103 0.023 133 0.023 162 0.021
104 0.023 134 0.023 163 0.021
105 0.023 135 0.023 164 0.021
106 0.023 136 0.023 165 0.021
107 0.023 137 0.023 166 0.021
108 0.023 138 0.023 167 0.021
109 0.023 139 0.023 168 0.021
110 0.023 140 0.023 169 0.021
111 0.023 141 0.023 170 0.021
112 0.023 142 0.023 171 0.021
113 0.023 143 0.023 172 0.021
114 0.023 144 0.023 173 0.021
115 0.023 145 0.023 174 0.021
116 0.023 146 0.023 175 0.021
117 0.023 147 0.023 176 0.021
118 0.023 148 0.023 177 0.021
119 0.023 149 0.021 178 0.021
120 0.023 150 0.021 179 0.021
121 0.023 151 0.021 180 0.021
122 0.023 152 0.021 181 0.021
123 0.023 153 0.021 182 0.021
124 0.023 154 0.021 183 0.021
125 0.023 155 0.021 184 0.021
126 0.023 156 0.021 185 0.021
127 0.023 157 0.021

128 0.023
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Table E2: RW obtained for Circular dome using sealing algorithm for each layer. The RWs are

in inch

Layer No RW Layer No RW Layer No RW

6 0.02 43 0.016 80 0.017
7 0.02 44 0.016 81 0.018
8 0.02 45 0.016 82 0.021
9 0.02 46 0.016 83 0.021
10 0.02 47 0.023 84 0.018
11 0.02 48 0.017 85 0.021
12 0.02 49 0.017 86 0.021
13 0.02 50 0.017 87 0.017
14 0.02 51 0.016 88 0.021
15 0.02 52 0.016 89 0.02

16 0.02 53 0.016 90 0.018
17 0.02 54 0.017 91 0.016
18 0.02 55 0.017 92 0.02

19 0.02 56 0.016 93 0.016
20 0.02 57 0.016 94 0.017
21 0.02 58 0.019 95 0.018
22 0.02 59 0.017 96 0.017
23 0.02 60 0.02 97 0.018
24 0.02 61 0.02 98 0.017
25 0.02 62 0.02 99 0.017
26 0.02 63 0.019 100 0.017
27 0.02 64 0.019 101 0.024
28 0.02 65 0.02 102 0.024
29 0.02 66 0.022 103 0.021
30 0.016 67 0.019 104 0.018
31 0.016 68 0.019 105 0.021
32 0.016 69 0.02 106 0.016
33 0.016 70 0.022 107 0.02

34 0.016 71 0.017 108 0.018
35 0.021 72 0.019 109 0.018
36 0.017 73 0.02 110 0.017
37 0.017 74 0.017 111 0.018
38 0.017 75 0.019 112 0.019
39 0.017 76 0.019 113 0.023
40 0.017 77 0.017 114 0.02

41 0.016 78 0.017 115 0.017
42 0.016 79 0.016 116 0.019

&9



Layer No RW Layer No RW Layer No RW
117 0.023 155 0.016 193 0.018
118 0.016 156 0.018 194 0.02
119 0.016 157 0.017 195 0.016
120 0.018 158 0.016 196 0.017
121 0.021 159 0.023 197 0.021
122 0.023 160 0.018 198 0.017
123 0.021 161 0.017 199 0.022
124 0.022 162 0.018 200 0.017
125 0.016 163 0.016 201 0.017
126 0.016 164 0.016 202 0.023
127 0.017 165 0.018 203 0.021
128 0.017 166 0.017 204 0.017
129 0.021 167 0.02 205 0.017
130 0.019 168 0.023 206 0.019
131 0.019 169 0.025 207 0.021
132 0.016 170 0.016 208 0.025
133 0.02 171 0.016 209 0.021
134 0.017 172 0.017 210 0.022
135 0.017 173 0.019 211 0.016
136 0.02 174 0.02 212 0.017
137 0.016 175 0.018 213 0.018
138 0.018 176 0.025 214 0.023
139 0.016 177 0.016 215 0.016
140 0.017 178 0.017 216 0.018
141 0.016 179 0.024 217 0.021
142 0.016 180 0.017 218 0.025
143 0.016 181 0.024 219 0.018
144 0.016 182 0.022 220 0.023
145 0.019 183 0.017 221 0.024
146 0.019 184 0.024 222 0.022
147 0.02 185 0.02 223 0.019
148 0.019 186 0.018 224 0.024
149 0.02 187 0.016 225 0.022
150 0.017 188 0.022 226 0.024
151 0.017 189 0.023 227 0.023
152 0.017 190 0.017 228 0.018
153 0.016 191 0.025

154 0.017 192 0.016
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