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The bonding process in MEX begins with surface contact between
the newly deposited road and adjacent interfaces (1). A neck is
then formed between the interfaces through wetting, but only
partial bonding occurs as the material quickly cools below its
critical sintering temperature, Tsint (2). Diffusion then occurs
across the interface until the material cools below its glass
transition temperature (3). This diffusion process has been shown
to be dependent on temperature and scale with time to the fourth
power [21].

Representation of part warpage and shrinkage seen in MEX parts
fabricated with (a) amorphous thermoplastic polymers and (b)
semicrystalline thermoplastic polymers. Shrinkage that results
from polymer chains drawing together and ordering during
crystallization causes MEX parts to warp and separate from the
build platform when printing semicrystalline polymers .

Geometry, mesh, and boundary conditions (BC) before road 1
deposition where vn is the normal velocity and vs is the tangential
velocity.

Geometry, mesh, and boundary conditions before layer 1 cooling
where v, is the normal velocity and vs is the tangential velocity.

Geometry, mesh, and boundary conditions before road 2
deposition where vy is the normal velocity and vs is the tangential
velocity. Conductive heat transfer occurred between road 1 and
the second road as it was deposited by using the fluid-to-fluid

contact capability in ANSYS® Polyflow.

Geometry, mesh, and boundary conditions before road 1 and 2
cooling performed in ANSYS® Mechanical.

Geometry, mesh, and boundary conditions before the residual
stress and warpage simulation performed in ANSYS®
Mechanical.

The viscosity of PPS as a function of shear rate. As expected, the
viscosity decreased with increasing shear rate and increasing
temperature.

A viscosity surface plot for PPS was constructed by fitting
Equation 3.4 to the experimental data. The symbols (*) represent
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experimental data while the surface plot was obtained using
Equation 3.5, which was used to plot viscosity as a function of
shear rate and temperature from 290 °C to 340 °C and from 100 s
"t0 10,000 s

Temperature distribution and filament shape during road 1
deposition of PPS. As road 1 was deposited, it experienced
convective cooling with the environment at 20 °C and conductive
cooling with the build platform at 85 °C.

Final geometry and temperature distribution in road 1 deposition
for a) PPS and b) PP [40]. The higher extrusion temperature,
longer deposition length, and slower deposition speed used with
PPS result in a larger temperature gradient in the PPS road 1.

Temperature distribution and road geometries during road 2
deposition of PPS. Road 2 deposition began with a completely
cooled road 1 at 85 °C. When road 2 made contact with road 1,
conductive heat transfer occurred between the two roads and road
1 increased in temperature. As the deposition proceeded, the two
layers began to cool together through convective cooling with the
environment and conductive cooling with the build platform.

Temperature distribution during road 1 and 2 cooling of PPS.
After road 2 deposition, the deposition nozzle moves off the
geometry and the two roads begin cooling together through
convective cooling with the environment and conductive cooling
with the build platform. The roads are allowed to cool for 10
seconds, but they cool completely in 1.75 seconds.

Warpage exhibited by PPS in the process simulation model
performed in ANSYS® Mechanical. PPS roads 1 and 2 exhibited
a warpage of 0.017 mm after cooling together for 10 seconds. The
inset shows the geometry to scale while the main figure is scaled
by a factor of 10 to show the shape the warpage exhibited.

Residual stresses in road 1 and 2 at steady state. PPS roads 1 and
2 exhibit minimal residual stress after cooling. The inset shows
the geometry to scale while the main figure is scaled by a factor
of 10 to show the shape the warpage exhibited.

Validation parts were printed using PPS and PP. MEX was used
to fabricate 20 mm x 20 mm x 1 mm parts with PPS (left) and PP
(right). The PPS part exhibited no visible warpage and remained
adhered to the build platform for the duration of printing. The PP
part warped and separated from the build platform during printing
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Figure 3.16

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Warpage vs. deposition length plots for PP, PPS, and CTE
modified PPS. The warpage value obtained using the process
simulation models was used to extrapolate the warpage values at
other deposition lengths. The PP simulation model exhibits more
warpage than both the PPS simulation model and the PPS
simulation model that used the CTE of PP.

Temperature profile applied to the sample during FSC to mimic
heating and cooling cycles experienced during FSC fabrication of
PPS. Tests were performed with 10, 20, 30, 40 and 50 cycles at
each temperature.

Heat flow data for a printed PPS part performed at a heating and
cooling rate of 10 °C/min. Cold crystallization was observed
during heating and is shown on the heating curve with a peak at
134 °C

Cold crystallization peaks for as printed PPS compared to samples
annealed at 95, 110, and 120 °C. Samples annealed at 85 and 90
°C behaved similarly to those annealed at 95 °C and samples
annealed at 100 °C showed the same behavior as those annealed
at 110 °C. Decreasing cold crystallization peaks indicated higher
levels of crystallinity. Annealing at 120 °C showed crystallization
occurring while lower temperatures only developed crystallinity
during cooling from melt to the isothermal temperature at a rate
of 85 °C/min (1.4 °C/s).

Heating rates ranging from 50 to 5,000 °C/s were used on FSC to
determine the critical heating rate to prevent reorganization
processes. The initial decrease in melting peak (X) resulted from
the suppression of reorganization processes at 300 °C/s. The
subsequent increase in melting peak starting at 2000 °C/s was the
result of thermal lag.

Peak melting temperatures of PPS measured using FSC at
different heating rates. The initial decrease in melting peak
resulted from the suppression of reorganization processes at 300
°C/s while the subsequent increase starting at 2000 °C/s was the
result of thermal lag.

Heating curves performed after cooling from melt at a range of
cooling rates showed decreasing melting enthalpies with
increasing cooling rate. Less crystallinity formed in the material
during cooling resulted in a decrease in glass transition
temperature onset and a decrease in melting enthalpy. At cooling
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Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 5.1

Figure 5.2

rates between 40 and 100 °C/s, no crystallinity was formed in the
material and no melting peak was observed.

Heating curves performed at the critical heating rate (300 °C/s)
after annealing at possible build chamber temperatures, 85, 90, 95,
100, 110, and 120 °C. The only sample showing a melting peak
was annealed at 120 °C. The inability of the other samples to
crystallize support the presence of a RAF. The peak around 128
°C that increased with decreasing annealing temperature shown in
the inset image resulted from the relaxation of increasing RAF as
the sample was annealed at lower temperatures.

Heating curves performed at the critical heating rate (300 °C/s)
after thermal cycling for 10, 20, 30, 40, and 50 cycles of four
temperatures, 240, 200, 160, and 120 °C. The heating curves
showed increases in onset of glass transition, increases in the RAF
transition at 184 °C, increases in reorganization processes around
220 °C, and increases in melt enthalpy at 256 °C with increasing
number of heating and cooling cycles.

Thermal cycling performed to mimic the temperature exposure of
MEX resulted in increasing percent crystallinity of PPS with
increasing heating and cooling cycles.

Heating performed at various points, shown by the inset
temperature profile, during the 50 heating and cooling cycle run.
The melting peak at 257 °C measured after 50 cycles to 240 °C (a)
indicated the development of crystallinity. The increase in the
melting peak after cycling to 200 °C (b) indicated increases in
crystallinity. The development of a peak at 220 °C was attributed
to reorganization with relaxation of increased RAF which also
increased the onset of glass transition after cycling to 200 °C (b).
Cycling to 160 °C (c) resulted in the formation of RAF in less
energetically favorable configurations as shown by the
development of a separate glass transition at 185 °C. Cycling to
120 °C (d) did not result in the development of any new
transitions.

Deposition orientation of a D638 Type V dogbone

Tool path for a D638 Type V dogbone fabricated with in the y-
direction build orientation with a raster and contour width of 0.5
mm. The dogbone had 3 contours, a rectilinear infill pattern with
100% infill density, a raster angle of 45°, and an air gap of -15%
(a). The tool path is magnified to show various MEX process
parameters (b).
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

The Taguchi method is made up of a 3-phase iterative approach.
Based on the results of the parameter design phase, the tolerances
of the significant parameters may be tightened. Following the
modification of the parameter levels, the parameter design phase
can be performed again until the desired robustness is achieved.

Stress vs strain behavior for PPS MEX dogbones for the Taguchi
experiments. Experiments 4, 7, and 9 are excluded from this figure
and instead shown in Figure 5.5 because they overlapped
experiment 5.

Stress vs. strain behavior for PPS dogbones for Taguchi
experiments 4, 5, 7, and 9.

Parameter level effect plots for UTS, Young’s modulus, and
crystallinity. The optimum parameter condition for UTS, Young’s
modulus and crystallinity were determined by maximizing the S/N
ratio for each control parameter, indicated by o on the plot. The
optimum print temperature (A) and heat-treatment temperature
(C) for UTS, Young’s modulus, and crystallinity were 300 °C and
180 °C, respectively. The optimum heat-treatment time (B) for
UTS was 24 hrs. while the optimum heat-treatment time for
Young’s modulus and crystallinity was 10 min.

Pareto plots for UTS, Young’s modulus, and crystallinity showed
the percent contributions of each control parameter based on the
SS analysis. Heat-treatment temperature (C) had the largest
contribution to all design outputs and was statistically significant
in all outputs. In addition to heat-treatment temperature, both print
temperature (A) and heat-treatment time (B) were significant to
UTS. Print temperature was also significant to Young’s modulus,
while only heat-treatment temperature was significant to percent
crystallinity.

Side, failure cross section, and non-failure cross section images
for Experiments 2, 5 and 8. In the side images, the testing direction
is perpendicular to the road direction while the testing direction is
out of the page for the failure and non-failure cross section images.
Heat-treated samples were opaque while non heat-treated samples
were translucent. Black bars on the non-fracture cross section
images show the road width of 0.5 mm.

Non-failure cross sections showed that increasing the print
temperature decreased the appearance of roads in elevated
temperature heat-treated samples. Black bars on the images show
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Figure 5.10

Figure 5.11

Figure A.1

Figure A.2

Figure B.1

Figure B.2

Figure B.3

Figure B.4

Figure C.1

the road width of 0.5 mm. In the images, the testing direction is
out of the page.

ASTM D638 type V dogbones fabricated according to experiment
1 (left), confirmation experiment A2 Bl C3 (middle) and
confirmation experiment A2 B3 C3 (right).

Interaction plots between heat-treatment time (B) and temperature
(C) for UTS, Young’s modulus and crystallinity showed similar
trends between heat-treatment temperatures, which indicated that
the interaction between the two parameters was not significant for
the three quality aspects.

The tangential forces applied to free surfaces in the process
simulation models were defined by surface tension forces, ¢. The
net influence of the tangential surface tension forces acted in the
normal direction and tended to reduce the surface curvature.

Surface tension and traction at the extremities of the free surface
imposed on the extrudate at the beginning of road 1 and road 2
deposition.

Side images of each of the Taguchi experiments performed for
PPS MEX dogbones. The images are similar for all experiments
and the individual roads with a 90 ° raster angle can be observed.
Heat-treated samples (experiments 2, 3, 4, 5, 7, and 9) were
opaque due to the crystallinity that developed during heat-treating
at all heat-treatment times. Non heat-treated samples (experiments
1, 6, and 8) were translucent indicating low levels of crystallinity.

Failure cross sections of each of the Taguchi experiments
performed for PPS MEX dogbones. The custom z-stacking feature
was used to obtain in focus images of the irregular fracture
surfaces. No individual roads were observed in any of the samples.

Non-failure cross sections of each of the Taguchi experiments
performed for PPS MEX dogbones. Individual roads can be
observed in some of the non-failure cross sections, but the
interfaces between roads were shown to decrease with increasing
print and heat-treatment temperature.

Pareto plots for UTS, Young’s modulus, and crystallinity showed
the percent contributions of each control parameter and the
interaction between heat-treatment time and temperature based on
the SS analysis

The lap-shear joint experiment set up showing the contact area
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Figure C.2

Figure C.3

Figure C.4

Figure C.5

Figure C.6

Figure C.7

Figure C.8

Figure C.9

Figure C.10

Deposition path for the horizontal MEX dogbones fabricated
using the NORYL black MEX filament. A raster angle of 45°
raster angle with an infill density of 100% was used in the grip
areas. The gauge area had unidirectional rasters in the direction of
loading.

Viscosity surface plots for NORYL black and grey were
constructed by fitting Equation 3.4 to the experimental data. The
symbols (*) represent experimental data while the surface plots
were obtained for NORYL black and grey using Equation C.1 and
Equation C.2, respectively. The equations were used to plot
viscosity as a function of shear rate and temperature from 290 °C
to 340 °C and from 100 s™' to 10,000 s™!

Shear strength of NORYL interfaces as a function of contact time
for heat-treatment times.

Stress vs. strain curves for NORYL black horizontal MEX
dogbones

Parameter level effect plots for UTS and Young's modulus for
NORYL black horizontal MEX dogbones. The optimum
parameter condition for UTS and Young’s modulus were
determined by maximizing the S/N ratio for each control
parameter, indicated by the o on the plot. The optimum layer
thickness (A) and print temperature (B) for both UTS and Young’s
modulus were 0.1 mm and 295 °C, respectively. The optimum
heat-treatment time (C) for UTS was 10 min while the optimum
level for Young’s modulus was 100 min. The optimum heat-
treatment temperature (D) for UTS was 140 °C while the optimum
level for Young’s modulus was room temperature.

Pareto plots for UTS and Young's of NORYL black horizontal
MEX dogbones showed the percent contributions of each of the
control parameters based on the SS analysis. Layer thickness (A)
had the largest contribution to both UTS and Young’s modulus.
None of the other control parameters were significant to UTS or
Young’s modulus.

Fracture surfaces of horizontal NORYL MEX dogbones. The size
of the voids present between roads increased with increasing layer
thickness, resulting in reductions in mechanical properties.

Stress vs. strain curves for NORYL grey vertical MEX dogbones

Parameter level effect plots for UTS and Young's modulus for
NORYL grey vertical MEX dogbones. The optimum parameter
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Figure C.11

Figure C.12

Figure C.13

Figure C.14

Figure C.15

Figure C.16

condition for UTS and Young’s modulus was determined by
maximizing the S/N ratio for each control parameter, indicated by
the o on the plot. The optimum parameter condition for UTS and
Young’s modulus was a print temperature (A) of 315 °C, a heat-
treatment time (B) of 100 min, and a heat-treatment temperature
(C) of 140 °C.

Pareto plots for UTS and Young's showed the percent
contributions of each of the control parameters based on the SS
analysis. Print temperature (A) was the only significant control
parameter to both UTS and Young’s modulus. The percent
contribution of error to the Young’s modulus analysis was large
because of the low impact of all of the control parameters.

Side images of each of the Taguchi experiments performed for
NORYL grey vertical MEX dogbones. The images are similar for
all experiments and the individual roads with a 90 ° raster angle
can be observed.

Failure cross sections of each of the Taguchi experiments
performed for NORYL grey vertical MEX dogbones. The samples
did not fail cleanly at an interface and instead failed within the
layer due to the large voids within the deposited roads.

Non-failure cross sections for each of the Taguchi experiments
performed for NORYL grey vertical dogbones. The images are
similar for all experiments and show rough interfaces due to void
present between layers.

Side, failure cross section, and non-failure cross section for
NORYL grey vertical MEX dogbones that were not heat-treated.
The images are similar to the results seen in the NORYL grey
vertical MEX dogbones exposed to elevated heat-treatment
temperatures in the Taguchi process optimization.

A cross section of the NORYL grey MEX filament showed voids
in the filament. These pockets could result in underflow in the
fabricated MEX parts and could have been the cause of the large
voids seen within roads and between layers in the vertical MEX
dogbones.
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SUMMARY

Material extrusion (MEX) additive manufacturing is one of the most widely used
additive manufacturing techniques in which a polymer filament is liquefied and extruded
through a nozzle to fabricate a three-dimensional part in a layer-by-layer deposition
technique. While MEX offers many advantages over traditional manufacturing methods,
the shift of MEX from a prototyping method to a manufacturing technique is limited by
the inferior mechanical properties of the produced parts compared to bulk parts and the
limited number of MEX feedstock materials. The objective of this research was to provide
insights into the molecular behavior specific to semicrystalline MEX materials that
influence the resulting MEX part behavior. Polyphenylene sulfide (PPS) was used as a case
study material in this research. Process simulation models were developed that predicted
the temperature evolution of MEX parts during fabrication and determined correlations
between material properties and deformation characteristics of MEX parts. Fast scanning
calorimetry showed that the cooling rates experienced during MEX hindered the
crystallization of PPS. In addition, a process optimization of material dependent thermal
history parameters reduced the disparities between bulk and MEX parts. The combination
of process simulation models, thermal and mechanical characterization, and process
optimization techniques studied in this research developed a methodology for successfully

printing high quality MEX parts using semicrystalline materials.
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CHAPTER 1. INTRODUCTION

Material extrusion additive manufacturing (MEX) is an additive manufacturing
(AM) process that deposits liquefied thermoplastic polymer filament layer-by-layer to
fabricate three-dimensional parts. The unique capabilities of MEX compared to traditional
manufacturing methods have motivated increased research in shifting MEX from a
prototyping technology to a manufacturing method. However, there are challenges to using
MEX parts in end use applications. Parts fabricated with MEX have reduced and
anisotropic mechanical properties due to the numerous interfaces inherent to the additive
build technique. In addition, MEX has been limited to a few feedstock materials, which are
primarily amorphous polymers. Continued growth of the MEX market is dependent on
continued improvement in the performance of parts produced with MEX and the
development of new feedstock materials, specifically semicrystalline polymers. The
objective of this research was to provide insights into the molecular behavior specific to
semicrystalline MEX materials that influence the resulting MEX part behavior.

Polyphenylene sulfide (PPS) was used as a case study material in this research.

The use of semicrystalline polymers with MEX presents challenges due to the
shrinkage that occurs in semicrystalline materials as polymer chains draw together and
order during cooling and crystallization. In MEX, this shrinkage can result in difficulty
during fabrication and parts with low quality when MEX parts warp during fabrication and
become detached from the build platform. Process simulation models of MEX were
developed in ANSYS® Polyflow and ANSYS® Mechanical to predict the temperature

evolution of MEX parts and to determine the correlations between material properties and



warpage and deformation characteristics. The correlations between material properties and
MEX part characteristics established using the process simulation models could facilitate

new material development strategies in order to expand the materials available for MEX.

The crystallization behavior in semicrystalline polymers is heavily dependent on
the thermal history of the material. The effects of the temperature evolution and cooling
rates simulated in the process simulation models on the crystallization behavior of PPS
were investigated using differential scanning calorimetry (DSC) and fast scanning
calorimetry (FSC). FSC showed that the cooling rates experienced during the MEX process
hindered the crystallization behavior in PPS. The fast heating and cooling rates available
to FSC were also used to mimic the rates experienced during MEX fabrication and the
evolution of crystallinity during part fabrication was investigated. FSC could be used to
determine the cooling rates that prevent crystallization in other semicrystalline polymers.
These critical cooling rates could then be compared to simulated MEX cooling rates from
the developed process simulation models. The combination of process simulation models
and thermal characterization techniques could provide a screening method for predicting
the deformation characteristics of new semicrystalline MEX materials. There are also
various MEX process parameters that affect the thermal exposure of MEX parts during
fabrication. By understanding how the thermal exposure affects crystallization and
therefore the deformation characteristics of MEX parts, the process parameters can be

selected to limit the crystallization that occurs during MEX part fabrication.

While limiting the crystallization that occurs during fabrication can help prevent
warpage in MEX parts, low levels of crystallinity in semicrystalline polymers are typically

associated with lower mechanical properties. A process optimization study was performed



using the Taguchi method to optimize thermal exposure variables in the MEX process to
improve the mechanical properties of fabricated MEX parts. Post-processing heat-
treatments were investigated in order to increase the crystallinity of fabricated parts and to
increase the bonding between the interfaces inherent to the additive build technique. The
effect of print temperature on the thermally driven bonding process was also investigated.
Results of the process optimization showed that the use of post-processing heat-treatments
at temperatures above the glass transition temperature of PPS increased the interlayer
bonding strength of PPS MEX parts. Post-processing heat-treatments increased the percent
crystallinity of the fabricated parts and increased inter-road and inter-layer bonding by
allowing additional time for polymer chains to diffuse across bonded interfaces. Higher
print temperatures also resulted in increased bonding between roads and layers because
additional thermal energy was available. Control of the thermal history of MEX parts
reduced the disparities between bulk and MEX mechanical properties. The improvement
of MEX part properties could allow fabricated parts to be used in more end use

applications.

In summary, the implications of semicrystalline polymer behavior on the MEX
fabrication process and the resulting part quality were examined in this dissertation. In
CHAPTER 2, the history of AM and MEX technologies and the materials and machines
used in those fields are described along with the motivation for this research. CHAPTER
3 introduces and describes the process simulation models developed for PPS to establish
relationships between material properties and MEX part warpage characteristics. The
process simulation models also predicted the temperature exposure of MEX part

fabrication, and the effect of the simulated cooling rates on PPS crystallization is described



in CHAPTER 4 through the use of DSC and FSC. CHAPTER 5 describes the process
optimization performed to improve the mechanical properties on MEX parts by controlling
the thermal history of the MEX process. Finally, CHAPTER 6 offers a comprehensive

summary and final conclusions of this research.

T Parts of this dissertation have been taken/adapted from author’s publications — [21] and [49]



CHAPTER 2. BACKGROUND

2.1 Additive manufacturing

Additive manufacturing (AM) is a class of manufacturing techniques in which 3D
parts are constructed in an additive, layer-by-layer fashion. The first commercial use of
AM was in 1987 with Stereolithography apparatus (SLA) developed by 3D systems in
which thin layers of light-sensitive liquid polymer are solidified to form a three-
dimensional part [1, 2]. Since that time, AM technology has developed extensively and
includes several different processes such as filament based material extrusion (MEX),
direct writing (DW), Polyjet, and selective laser sintering (SLS). Originally referred to as
rapid prototyping due to its use for developing visual aids or presentation models, AM was
renamed to reflect its evolution from a prototyping technology to a manufacturing method
capable of producing functional end-use parts [1, 3]. In 2010, the overall AM products and
services industry had reached $1.325 billion and is projected to grow to over $5 billion by
2020 [2]. Investments in AM research and development have increased rapidly from both
industry and government agencies as shown by the establishment of the ASTM Committee
F42 on Additive Manufacturing Technologies in 2010 and the National Additive
Manufacturing Innovation Institute (NAMII) in 2012, now known as America Makes [4,

5].

The major ways AM processes differ are in the materials they use, how the layers
are fabricated, and how the layers are subsequently bonded together [1]. However, all AM
processes follow the same general process for additively fabricating three-dimensional

parts. In AM, a model initially generated using a 3D Computer Aided Design (CAD)



system is directly fabricated. The generated CAD model of the desired part is first
converted into an STL file and then “sliced” into thin horizontal layers in the XY plane
using AM software. The AM software also generates a tool path for the AM machine that
specifies how the individual layers will be fabricated. With the tool path, the AM machine

can fabricate the 3D part in an additive fashion [1, 6, 7].

AM technologies have several unique capabilities when compared to conventional
manufacturing processes. Because AM technologies fabricate objects layer-by-layer, they
are able to fabricate virtually any geometry. This differs from traditional subtractive
(cutting, milling, grinding, etc.) and formative (pressing, casting, forming, etc.) processes
that are limited by design constraints inherent to their fabrication methods. The design
flexibility of AM allows for the fabrication of parts that have been topologically optimized
to reduce material cost and decrease the part mass. The design flexibility of AM also results
in no additional cost besides the AM machine cost when fabricating complex geometries
with AM. This is because there is no need for additional tooling, increased operator
expertise, or fabrication time. However, when examining a traditional manufacturing
method such as injection molding, there is a direct link between part complexity and cost
due to the cost of the mold [8]. Injection molding and some other conventional
manufacturing methods are very time and cost efficient for mass production, in spite of
their high initial tooling costs. While AM is much slower than injection molding for

fabricating parts, AM technologies are better suited for low part quantities [6].

AM technologies were originally used for prototyping because their unique
advantages allowed for reduced time between design and production, improvement in

redesign time, and reduced cost of redesign [1, 3, 6, 9]. The recent improvements to AM



technology processes combined with the reduction in costs of the technology have
increased its use as a manufacturing method in three key industries: automotive
manufacturers, aerospace companies, and medical industries [3, 6]. Automotive
manufacturers have leveraged the ability of AM to bring new products to market quickly
in order to reduce time and development costs in new vehicles. AM is also the preferred
manufacturing method for the production of parts for low-volume, high-end automobiles
because it is more cost-effective compared to traditional manufacturing methods more
suited for high volume production [3, 9]. Aerospace companies are primarily interested in
AM technologies because of their ability to fabricate complex and high performance
geometries. The ability of AM to integrate mechanical functionality, eliminate assembly,
and create internal functionality, such as cooling channels or internal honeycomb
structures, are used to create lightweight structures with high geometrical and functional
complexity [3, 9]. Medical industries utilize AM technologies to tailor devices to suit the
needs of individual patients. This is facilitated by the ease in which 3D medical imaging

data can be converted into files compatible with AM technologies [1, 3, 6].

While there are many unique capabilities of AM technologies, they still experience
different barriers and challenges. When compared to injection molding, the cost of large
batch fabrication of standardized parts is significantly higher for AM due to the slower
cycle time associated with AM technologies. However, in the industries that currently use
AM technologies for end use parts, the slow cycle time is outweighed by the benefits of
reduced material waste, consolidated parts, or the demand for customized geometries [6].
In addition, there is a trade-off between layer resolution and build time of parts fabricated

with AM. While increasing the layer resolution provides a better surface finish, the



increased number of layers causes the build time to increase. Because of this, there is a
relationship between the layer resolution and the overall scale of the part to be fabricated
with AM technologies [6]. In addition, while the cost of AM machines has decreased, the

high cost of some AM systems still limits their use in industrial applications [1, 3, 6].

AM technologies also suffer from a limited material selection while traditional
manufacturing methods have a wide variety of materials that are compatible with their
fabrication methods. Due to the limited number of AM materials available, the applications
of AM are hindered while traditional manufacturing methods are able to accommodate a
variety of materials suited for many different applications. In addition, because of the layer-
by-layer fabrication method used in AM, produced parts suffer from anisotropic properties
due to interlayer bonding deficiencies. The tensile strength of acrylonitrile-co-butadiene-
co-styrene (ABS) parts produced with MEX has been shown to be dependent on the testing
direction. The tensile strength of MEX parts tested parallel to the layers was up to four
times as large as the tensile strength of parts tested perpendicular to the layer direction [10].
Similarly, the layer-by-layer fabrication method also results in parts that are not as strong
as injection-molded parts of the same material. MEX parts tested along the layer direction
still resulted in tensile strengths that were between 65 and 72 percent of the tensile strength
of injection molded ABS parts [10]. There is also a lack of understanding of the basic
physics that occur during AM processes due to the complexity of multiple interacting

physical phenomena [11].



2.2 Filament based material extrusion additive manufacturing

MEX is an AM process used to fabricate three-dimensional parts through the
deposition of liquefied thermoplastic polymer filament. MEX is one of the most widely
used AM technologies due to its increased availability because of its relatively low cost
compared to other AM technologies [1, 6, 7, 9]. MEX follows the same general procedure
outlined for AM in order to generate a three dimensional part [1]. In order to fabricate the
layers, counter-rotating rollers grip and pull a polymer filament in order to convey it into a
heated chamber. As the filament moves through the heated chamber, it gradually softens.
The liquefied polymer filament is then pushed out of the nozzle tip and deposited in a road
on the XY plane. The liquefied material bonds with adjacent roads before solidifying. Once
all the roads in a given layer are deposited, the build platform indexes downward to prepare
for the next layer to be deposited on top of the subsequent layer. This process is repeated
until the entire part is fabricated. The deposition nozzle tip in MEX is typically around 0.4

mm in diameter and the typical layer height is around 0.2 mm [6].

MEX has many settings and variables present in the process known as process
parameters. MEX process parameters can be grouped into two categories: deposition
strategy and thermal management variables. Deposition strategy variables dictate how the
part is additively realized and include settings such as deposition orientation, print speed,
layer height, infill density, and many others. The orientation of roads and layers dictated
by deposition strategy variables have been shown to affect the mechanical properties of the
resulting parts [10, 12-14] Thermal management variables, such as print temperature, build
platform temperature, and build chamber temperature, dictate the thermal conditions

imposed upon the part. The bonding process between roads and layers in MEX is a



thermally driven process based on wetting between adjacent filaments and the diffusion at
the interface shown in Figure 2.1 [15-19]. Only partial bonding occurs between roads and
layers due to the rapid cooling of MEX roads. The selection of print temperature has been
shown to be influential on the neck growth process between deposited roads while the build
platform and environment temperature have been shown to increase time above glass
transition temperature, leading to increased diffusion between roads and layers [17]. Due
to the influence of MEX process parameters on layer and road orientation and on the
thermally driven bonding process, the success of the MEX process and the resulting part

quality depend on the proper selection of MEX process parameters [20].
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Figure 2.1: The bonding process in MEX begins with surface contact between the newly
deposited road and adjacent interfaces (1). A neck is then formed between the interfaces
through wetting, but only partial bonding occurs as the material quickly cools below its
critical sintering temperature, Tsint (2). Diffusion then occurs across the interface until the
material cools below its glass transition temperature (3). This diffusion process has been
shown to be dependent on temperature and scale with time to the fourth power [21].



2.3 Materials used in filament based material extrusion

Amorphous polymers are typically used in MEX due to their gradual softening
above glass transition temperature and relatively low shrinkage during cooling [7, 9, 22].
The most commonly used materials with MEX are ABS and polylactic acid (PLA). ABS
is a rigid and amorphous engineering thermoplastic with many useful properties such as
low cost, durability and toughness [12, 23, 24]. These properties make ABS particularly
suited for producing prototypes or end-use parts in some applications. PLA is a popular
material due to its biocompatibility and biodegradability. It is also an attractive material
because it is derived from natural renewable sources [25, 26]. With the increase in
popularity of MEX, the variety of commercially available MEX filament has increased
dramatically. ABS filament can be purchased in a variety of colors and is also available in
a translucent grade [27-30]. PLA filament is also available in several colors and has been
used as the matrix material for different composite filaments. Composite PLA filaments
have been developed with ceramic, clay, wood, and metal fillers in order to print objects
with unique surface finish and aesthetic qualities while still maintaining the ease of printing

of PLA [27-30].

The shift from MEX as a prototyping technology to a manufacturing technology
has necessitated the broadening of material choices for the process [1, 6, 31]. In addition
to the increase in available ABS and PLA filaments, there has also been an increase in
different thermoplastics used for MEX filaments. The commercially available amorphous
MEX filaments are summarized in Table 2.1 [27-30, 32-34]. There is a range of available
MEX filaments including commodity, engineering and high-performance thermoplastics.

In addition to ABS, other commodity thermoplastics that are commercially available as

11



MEX filaments include polyvinyl alcohol (PVA), polyethylene terephthalate glycol
copolymer (PETG), acrylonitrile styrene acrylate (ASA), high impact polystyrene (HIPS),
thermoplastic polyurethane (TPU), and thermoplastic copolyester elastomer (TPC) [27-30,
34]. PVA has been primarily used as an MEX support filament. Because PVA is water
soluble, support structures printed using MEX can be easily dissolved away during post
processing of the part [28, 29]. PETG is another commodity thermoplastic MEX filament
that offers good coloring characteristics and has translucent grades that offer 89% light
transmission. It offers the ease of printing of PLA with the strength and durability of ABS.
It is also FDA approved for use in food containers and for tools used in food consumption
[27-29]. ASA prints similarly to ABS, but is especially well suited for parts that would be
outdoors due to its increased weatherability and UV resistance [27-30]. Another
commodity thermoplastic, HIPS, offers increased flexibility and higher impact resistance
compared to ABS, but still prints at similar temperatures [27-29]. TPU and TPC are also
available as MEX filaments and offer increased flexibility [28, 29, 34]. These materials are
used when fabricating objects that need to flex to fit their application such as stoppers,
bumpers or belts. TPU and TPC require the use of specially designed extrusion print heads
to prevent the filament from stretching or buckling as they pass through the pinch roller
feeding system [28, 29, 34]. Commodity thermoplastic MEX filaments are typically used
to fabricate non-functional porotypes, figurines, or other parts with non-structural

applications [30].

MEX could be extended to part production instead of just producing prototypes by
using precursor polymers with the structural, thermal, or functional properties desired in

the final part. Engineering thermoplastics available as MEX filaments offer improved
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material properties compared to commodity materials. Available engineering
thermoplastic MEX filaments include a polyamide (PA) copolymer, polymethyl
methacrylate (PMMA), and polycarbonate (PC) [28-30, 32]. While these materials offer
improved properties, they are more difficult to process using MEX and require print heads
with higher extrusion temperature capabilities. PA copolymer offers improved thermal,
mechanical, fatigue, and chemical resistance characteristics compared to ABS. It is strong
but still maintains some flexibility, making it more shatter resistant. However, PA absorbs
moisture easily, and needs to be dried sufficiently before printing to ensure MEX part
quality [28, 29, 32]. PMMA is also available as an MEX filament and is used for
applications that require high stiffness, impact resistance and transparency [29]. Another
engineering thermoplastic, PC, is available as an MEX filament and offers increased
impact and heat resistance. It has also been blended with ABS and ASA to leverage the
improved properties of PC but maintain the ease of printing associated with ABS and ASA
[28-30, 32]. These engineering thermoplastics are used with MEX to produce strong parts
that can withstand testing. By combining the improved material properties of engineering
thermoplastics with the rapid tooling ability of MEX, these materials have been used for
functional prototyping, conceptual modeling, manufacturing tools and even production

parts [30].

Some high-performance thermoplastics are also available as MEX filaments and
offer material properties suitable for the most rigorous thermal, structural, and chemical
applications. Available amorphous high-performance MEX filaments include
polysulphone (PSU), polyphenylene sulphone (PPSU or PPSF), and a polyether imide

(PEI) known by its tradename, ULTEM. Polymers in the sulphone family, such as PSU
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and PPSU, are known for their high heat-deflection temperatures, outstanding dimensional
accuracy, and high chemical resistance [30, 33]. They have been used with MEX to
produce parts with demanding applications such as low-volume injection molds, under-
hood automotive scenarios, and heat, chemical, plasma and radiation sterilization [30].
Another material that is commonly used with MEX for engineering applications is ULTEM
[30, 33, 35-37]. ULTEM is an amorphous, high performance thermoplastic with a high
strength-to-weight ratio and excellent thermal and mechanical properties. Two grades of
ULTEM are commercially available as MEX filaments: ULTEM 9085 and ULTEM 1010
[30, 33].While these materials offer exceptional properties and performance, they are much

more difficult to process using MEX and require the use of very high printing temperatures.
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Table 2.1: Commercially available amorphous MEX filaments [27-30, 32-34]

Print
Material Te [°C] temperature | Key characteristics
[°C]
PVA 37 190-220 Water soluble, used for support
structures
- o —
_ | PETG 30 230-260 Good coloring, 89% light transmission
£ in transparent grades, FDA approved
g ASA 100 235-255 UV-resistant weatherable
£ | HIPS 104 235245 Increased flexibility, higher impact
o = .
& resistance
ABS 108 230-240 Versatile, durable, ductile
TPU 120 210-240 Flexible
TPC Not given | 230-255 Flexible, UV resistant
PA Improved thermal, mechanical, fatigue
105 250-270 and chemical resistance compared to
copolymer
ABS
%n PMMA 85-110 245.955 Tr.ansparent, high impact resistance and
s stiffness
2 Increased mechanical properties and
o | PC-ABS 125 270-290 higher heat resistance with printability
K of ABS
PC-ASA 125 270-290 UV-stability with 1npreased mechanical
and thermal properties
PC 161 280-310 High impact and high heat resistance
Excellent thermal and chemical
PSU 185 350-380 resistance, hydrolytic resistance,
resistant to gamma radiation,
sterilization capable, flame resistant
Flame resistance, chemical resistance,
é ;J()Ié"gEM 136 350-380 1elxcellen‘F dlmepglonal stabl'hty,
= ydrolytic stability, exceptional strength
g and modulus
‘% Flame resistance, chemical resistance,
2 | ULTEM excellent dimensional stability,
fn 1010 217 370-390 hydrolytic stability, exceptional strength
= and modulus, stable diclectric constant
Excellent thermal and chemical
resistance, hydrolytic resistance,
PPSU/PPSF | 220 360-390 outstanding impact resistance, resistant

to gamma radiation, sterilization
capable, flame retardant
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While amorphous polymers have traditionally been used with MEX,
semicrystalline polymers could serve as possible new materials for use in MEX because of
the advantages they offer over amorphous materials such as their deformability, toughness,
and increased service temperatures [38, 39]. However, the extension of semicrystalline
polymers to use in MEX is not straightforward due to the sharp viscosity changes exhibited
after melting and the shrinkage that occurs as the MEX part cools and crystallizes. More
dense crystalline regions are formed in semicrystalline materials as the polymer chains
draw together and order during cooling, which results in increased shrinkage when
compared to amorphous polymers. This shrinkage can result in difficulty during fabrication
and parts with low quality when MEX parts warp during fabrication and become detached

from the build platform.

The commercially available semicrystalline MEX filaments are given in Table 2.2
and include a range of materials including commodity, engineering and high performance
thermoplastics. In addition to PLA, another commodity semicrystalline thermoplastic
available as an MEX filament is polypropylene (PP) [28, 29]. While PLA is one of the
most popular MEX materials due to its ease of printing, PP has been shown to be difficult
to print with due to its large amount of warpage and poor layer adhesion [29, 40]. However,

PP does offer advantages such as its chemical inertness and flexibility.

Semicrystalline engineering thermoplastics available as MEX filaments include
polyoxymethylene (POM), and two PA, PA 12 and PA 6 [29, 30]. POM is commonly used
in gears, bearings, and zippers due to its low coefficient of friction combined with its high
dimensional accuracy. Both of these properties make POM well suited for use with MEX

[29]. While the majority of available MEX PA filaments are amorphous, Stratasys
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produces semicrystalline PA 12 and PA 6 filaments [30]. These materials offer high impact
and fatigue resistance and offer one of the best combinations of strength and toughness of

the available Stratasys MEX materials [30].

Currently, very few suppliers offer semicrystalline high performance
thermoplastics as MEX filaments. The available semicrystalline high performance
thermoplastics include polyvinylidene fluoride (PVDF), polyether ketone ketone (PEKK),
polyether ether ketone (PEEK), and polyphenylene sulfide (PPS) [33]. PVDF offers
exceptional thermal and chemical resistance properties making it well suited for industrial
grade printing. PEKK and PEEK also offer exceptional thermal and mechanical properties
but require extremely high processing temperatures. PEKK offers lower printing
temperatures than PEEK while still exhibiting excellent properties including low smoke
generation and service temperatures above 260 °C. While PEEK is more difficult to
process, it is one of the highest performance thermoplastics available [33]. PPS is known
for its excellent chemical and temperature resistance, as it has no known solvents at room
temperature [41-44]. It is an attractive material for high performance applications due to
its excellent mechanical properties and ease of processing [45]. While commercially
developed PPS MEX filament is available from a few suppliers [46], various PPS
composite pellets made with carbon fiber and aluminum nanofillers have been processed

using MEX [47, 48].
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Table 2.2: Commercially available semicrystalline MEX filaments [27-30, 32-34]

Material

Te [*C]

Tm [°C]

Print
temperature
[°C]

Key characteristics

Commodity

PLA

60-65

150-160

190-220

Biodegradable, does not require
heated build platform, ease of
printing

PP

-15

160-175

235-265

Flexible, chemically inert,
recyclable

Engineering

POM

-30

183

215-225

High stiffness, low friction, good
dimensional stability

PA 12

37-43

178

240-280

Tough, high impact and fatigue
resistance

PA 6

40-87

192

240-280

Tough, high impact and fatigue
resistance

High performance

PVDF

-60 - -20

170-180

245-265

Uses up to 130 °C, good thermal
and chemical resistance, good
abrasion resistance, hydrolytic
stability, resistant to nuclear
radiation

PPS

85

285

315-345

Insoluble in any known solvent
under 200 °C, high thermal and
mechanical properties, flame

retardant and self extinguishing

PEKK

162

335

345-375

Lower printing temperatures than
PEEK with low smoke generation,
outstanding mechanical, thermal
and chemical resistance properties
with service temperatures above
260 °C

PEEK

150

350

400-420

Flame resistance, excellent
mechanical, thermal and chemical
resistance properties, service
temperatures above 260 °C
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2.4 Material extrusion additive manufacturing machines

Filament based MEX was developed and patented by Stratasys, Inc. under the name
fused deposition modeling (FDM) in 1992. Since then, Stratasys, Inc. has continued to
develop more advanced machines and their market share of commercial AM systems is 3.5
times larger than any other system manufacturer [2]. The Stratasys Fortus industrial
manufacturing line of FDM machines cost from $100,000 to $500,000 and can achieve
layer thicknesses as small as 0.078 mm with engineering thermoplastics such as ABS,
ULTEM, PC, and PPSF [1, 7]. These systems are able to achieve very high resolution and
fidelity, but operate with closed software and hardware that are only compatible with

materials purchased from Stratasys.

When a key FDM patent expired, more companies began developing low cost MEX
machines. Many of these systems were based on the open-source RepRap project [2, 7].
Since their introduction, these low cost personal systems have experienced very strong
growth and retail businesses such as Staples, Shapeways, and Sculpteo are bringing
commercial printing services directly to customers [6]. These personal systems are
available from a variety of manufacturers for $1,500 - $5,000 and primarily print with only
ABS, PLA, or other low temperature commodity thermoplastics [1, 7]. While the main
driving force for these machines has been consumers and industries interested in low to
medium fidelity prototyping in the early stages of product design, advances in MEX have
the potential to significantly impact traditional production models in a variety of industries
[6, 9]. Advancements in related technologies, such as improvements in available MEX
materials and novel topology optimization techniques, have given rise to the development

of another range of MEX machines. These machines have been designed with open
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hardware and software to facilitate new MEX materials research, MEX process
optimization studies, and MEX process simulation validation [1, 6, 7]. In addition, these
advancements in MEX techniques can directly affect applied and basic research in other
fields by providing unique capabilities unavailable to traditional manufacturing methods
[6]. In this research, an MEX machine with open software and modular hardware capable
of printing with a wide range of materials was used to provide insights into printing with

semicrystalline polymers.

2.5 Motivation and research hypotheses

The unique capabilities of MEX compared to traditional manufacturing methods
have motivated increased research in shifting MEX from a prototyping technology to a
manufacturing method. This shift has necessitated printing with a wider range of materials,
specifically semicrystalline polymers. Continued growth of the MEX market is dependent
on continued improvement in the performance of parts produced with MEX and the
development of new feedstock materials [7]. The objective of this research was to provide
insights into the molecular behavior specific to semicrystalline MEX materials that
influence resulting MEX part behavior. PPS was used as a case study material in this

research.

A major factor hindering the growth of MEX is a limited understanding of the
processing science in the thermally and mechanically complex process. Previous work with
process simulation models has increased understanding of aspects of the MEX process, but

these models have primarily focused on the MEX process with ABS and rely on
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assumptions that simplify the complex material behavior inherent to the MEX process. In
addition, few efforts have been made to simulate deformation of MEX parts due to thermal
strains induced by thermal gradients developed in the part during fabrication. Process
simulation models developed in this research were used to predict the temperature
evolution of PPS MEX parts. This work was based on the hypothesis that process
simulation models could establish correlations between material properties and warpage
and deformation characteristics of PPS MEX parts. These process simulation models
focused on modeling complex material property behavior exhibited by polymeric

materials.

Based on the cooling rates modeled by the process simulation models, it was
hypothesized that the thermal exposure during the MEX process could hinder the
crystallization behavior of PPS. The crystallization behavior of PPS was examined using
differential scanning calorimetry (DSC) and fast scanning calorimetry (FSC). While FSC
has been utilized to examine the effects of cooling rates on crystallization in other polymer
processing techniques, there have been no reports utilizing FSC to examine the MEX
process. In addition, there have not been any reports of FSC to study the crystallization

behavior of PPS.

Based on the crystallization behavior of PPS, it was hypothesized that control of
the thermal history in the MEX process could reduce disparities between bulk and MEX
parts. This was investigated through the use of design of experiments techniques to
optimize the thermal exposures in MEX. The effect of MEX print temperature and post-
processing heat-treatments on interlayer bonding in MEX parts were characterized through

mechanical testing. While numerous process optimization studies have been performed
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with design of experiments techniques on the MEX process, the majority of studies
examine material independent process parameters and only use ABS as the feedstock
material. The process optimization performed in this research focused on material
dependent thermal exposure variables and developed a methodology for estimating print
temperatures for new MEX materials based on the rheological behavior of ABS as a

benchmark.

The combination of process simulation models, thermal and mechanical
characterization techniques, and process optimization studies in this research developed a
methodology for successfully printing high quality MEX parts using semicrystalline

materials.
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CHAPTER 3. EFFECTS OF MATERIAL PROPERTIES ON

WARPAGE IN MEX PARTS*

3.1 Background

MEX could be extended to additional production applications by using precursor
polymers with the structural or functional properties desired in the part. Among these
possible materials are semicrystalline polymers. Semicrystalline polymers offer
advantages over amorphous polymers because they are deformable, tough and in general
have higher service temperatures than amorphous polymers [39, 50]. Semicrystalline
polymers present challenges in MEX processing due to the shrinkage that occurs during
part cooling and crystallization. During crystallization, polymer chains are drawn together
as they order to form more dense, crystalline regions. This ordering results in increased
part shrinkage when compared to parts fabricated with amorphous thermoplastic polymers.
Shrinkage also occurs to a lesser extent in amorphous materials, and one way that this
behavior is characterized in polymers is with their coefficient of thermal expansion (CTE)
value. Increased shrinkage is also an issue in molding operations with semicrystalline
polymers, but mold cavity sizes can be designed to adequately account for the expected
material shrinkage [51]. Specifically in MEX, the formation of the crystalline structure in

polymers results in parts that warp and become detached from the build platform during

I Parts of this chapter have been taken/adapted from author’s publication - [49] E. R. Fitzharris, N.
Watanabe, D. W. Rosen, and M. L. Shofner, "Effects of material properties on warpage in fused deposition
modeling parts," The International Journal of Advanced Manufacturing Technology, vol. 95, no. 5, pp. 2059-
2070, Mar 1 2018. https://doi.org/10.1007/s00170-017-1340-8
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MEX part fabrication, resulting in difficulty in fabrication and reduced part quality. This

part warpage is shown schematically in Figure 3.1.

MEX part MEX part
I . |
Build platform Build platform
a) b)

Figure 3.1: Representation of part warpage and shrinkage seen in MEX parts fabricated
with (a) amorphous thermoplastic polymers and (b) semicrystalline thermoplastic
polymers. Shrinkage that results from polymer chains drawing together and ordering
during crystallization causes MEX parts to warp and separate from the build platform when
printing semicrystalline polymers .

3.1.1 Fillers in MEX materials

Aside from the use of semicrystalline polymers, another method used to extend
MEX to part production is to use fillers to increase material properties in polymer systems
that are compatible with the MEX process. The tensile strength, modulus, and/or thermal
conductivity of ABS have been increased through the addition of fillers such as carbon
nanofiber, carbon fiber, glass fiber and metallic particles [52-56]. The material properties
of other semicrystalline polymer systems, such as PP and poly(e-caprolactone) (PCL), have
been similarly modified using fillers such as thermotropic liquid crystalline polymers,

bioactive glass, and glass fiber for use with MEX [57-61]. In addition, there are now a
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variety of other commercially available MEX filaments with carbon fiber added, such as

PLA, PETG, PA, PC, ULTEM, PEKK, and PEEK [62].

While the aforementioned studies focused primarily on enhancing the material
properties of the MEX feedstock in order to increase the mechanical properties of the
resulting MEX parts, others have used the addition of fillers to various polymer systems to
improve the actual MEX process itself. Residual stresses and part warpage due to thermal
gradients within MEX parts present challenges during the manufacturing of parts with
MEX using both amorphous and semicrystalline materials. Previously, these challenges
have been addressed by manufacturing MEX parts in a heated chamber to reduce the
thermal gradients experienced by the parts. Love et al. showed that the addition of carbon
fiber to ABS improved the strength and stiffness of final MEX parts. In addition, the carbon
fiber increased the thermal conductivity and decreased the CTE of ABS. The changes in
thermal conductivity and CTE led to reduced distortion or warpage in the MEX parts,

especially in large-scale manufacturing of MEX parts [63].

This same concept was also applied to PPS [47]. This work used a lab-scale MEX
machine developed specifically to process high temperature and high fiber content
thermoplastic polymer pellets. This system differs from standard MEX machines that use
thermoplastic filament as the precursor material. The addition of carbon fiber to PPS led to
increased thermal conductivity and decreased CTE as seen in ABS. In addition, the carbon
fiber reduced the die swell seen in PPS when extruded from the MEX nozzle, slowed down
crystallization processes (both from the melt and upon heating, i.e. cold crystallization),
and reduced the overall crystallinity of the composite. Because of these changes seen in the

composite, large-scale PPS parts could be fabricated without significant part warpage using
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MEX with an environment at room temperature. In another case, aluminum oxide and
aluminum nanofillers were used to reduce the crystallinity, reduce the melt flow index, and

increase the thermal properties of PA 6 to make it compatible with the MEX process [48].

3.1.2 MEX process simulation models

Continued growth of the MEX market relies on improvements in the performance
and cost reduction of MEX systems and the development of new feedstock materials [7].
A major factor hindering this growth is a limited understanding of the processing science
in the thermally and mechanically complex MEX process [11]. While well-developed
processes such as injection molding have simulation systems such as MoldFlow® that can
assist in process optimization and material development, there are limited commercial
simulation options for AM. Autodesk has recently developed commercially available
software known as Netfabb® that can predict the thermal and structural response of metal

powder bed fusion parts [64]; however, there is no equivalent system for MEX.

Modeling of MEX processes pose interesting modeling challenges such as multi-
dimensional transient heat transfer phenomena, phase changes, complex solution domains
and rapidly changing and moving geometries. Process simulation models have been
developed to understand the processing science in various aspects of the MEX process such
as the pinch roller feed mechanism [65-70], liquefier dynamics [65, 67, 69, 71-75], road
spreading [71, 76], bonding between adjacent roads [15-17, 77-79], and the thermal

evolution of printed parts [15-17, 70, 71, 75, 77, 79-86].
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The overwhelming majority of process simulation models only investigated ABS.
Moreover, even though many process simulation models examined thermal gradients
developed in MEX parts and discussed the influence of these gradients on warpage and
deformation characteristics, few efforts have been reported that explicitly model thermal
expansion, residual stresses, and/or warping due to thermal gradients [9]. There are also
competing factors of modeling complex physics versus complex geometry given finite
computational resources. Geometrical complexity has often been achieved in process
simulation models through the use of element activation techniques that activate entire
roads or discretized elements within a road to simulate deposition [75, 79, 82-87]. The use
of element activation techniques assumes deposited MEX roads are cylindrical or
rectangular and does not predict the actual geometry of deposited material. In addition,
these models used solid elements and did not account for viscoelastic behavior of the
polymeric MEX materials. The dependence of many polymeric material properties on
temperature were also neglected and properties were constant across the wide temperature
ranges simulated for MEX. Many studies also neglected heat transfer within deposited road

cross sectional area and assumed only 1 dimensional heat transfer [79, 82, 87].

Process simulation models of MEX technologies developed by Bellini accounted
for many of the limitations in other process simulation models [40, 71]. The models by
Bellini examined the evolution of road shape, thermal gradients, and residual stresses
present in MEX parts during fabrication [40, 71]. Bellini developed simulation models to
study the thermo-fluid behavior of ABS in MEX in order to develop a tool that provided
guidelines for the determination of process parameters and material properties during the

process planning phase of MEX [71]. This tool contained five different sub-models that
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described various steps present in the MEX process: melt flow in the liquefier, extrusion
through the nozzle, free extrusion and swelling of the melt at the nozzle exit, evolution of
the road in the first deposited layer, and evolution of the road in the successively deposited
layers. A finite element approach using ANSYS® Polyflow was used to develop these sub-
models through the evolution of a free surface. The viscosity of ABS was modeled as a

function of both shear rate and temperature.

Previous work with collaborating authors investigated deformation characteristics
in MEX of PP based on the process simulation models developed by Bellini [40]. The
effects of material properties and process variable settings of MEX were examined using
experiments and a multistep simulation model that simulated the deposition and cooling of
two MEX filament roads. The results of that work indicated that some reductions in part
warpage could be realized by changing process variables. Specifically, part warpage was
reduced with increased deposition speed and increased layer height. Beyond process
variables, material properties could be changed to reduce the warpage of PP parts, namely
the introduction of fillers or the use of a less crystalline polymer such as propylene
copolymers. Experimental results agreed qualitatively with the results obtained from the

simulation model and showed that part warpage was influenced by material properties.

3.1.3 Key research objectives

In this chapter, neat PPS was investigated as a material for MEX using the same
simulation model that the collaborating authors used to understand the printing behavior of

PP. Due to the high melting temperature of PPS, the MEX processing temperature for PPS
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is higher than the temperature for PP, 290 °C vs. 220 °C, respectively. This higher
processing temperature results in faster convective cooling with the environment and could
cause increased thermal gradients in the MEX part and, based on previous studies, suggests
that PPS could exhibit increased warpage as compared to PP. However, produced PPS parts
exhibited very little warpage when fabricated using MEX, especially compared to the
warpage seen in unmodified PP. Therefore, the objective of this study was to identify what
material properties of PPS caused it to exhibit minimal warpage when compared to PP
through the use of process simulation models. Material parameters of PPS were
parametrically changed to understand more fully which material properties have the largest
effect on part warpage. This work was based on the hypothesis that process simulation
models could establish correlations between material properties and warpage and

deformation characteristics of PPS MEX parts.

3.2 Methods

3.2.1 Process simulation models

Two-dimensional MEX process simulation models were developed using
ANSYS® Polyflow and ANSYS® Mechanical. The inputs to these simulation models
were material properties, MEX process variable settings and MEX process conditions. The
developed simulations predicted temperature distributions, deposited road shapes, residual

stresses and warpage and deformation characteristics of MEX parts fabricated using PPS.
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In the MEX process simulation models, 2 - 10 mm long roads of PPS were
deposited at 290 °C onto a build platform held at a constant temperature of 85 °C. These
temperatures were chosen since they matched the experimental values used to print PPS
with MEX. The build platform was assumed to be glass and had a heat transfer coefficient
of 100 W/m?-°C to match the experimental MEX set up. The MEX process was broken
down into 5 sequential simulation models: road 1 deposition, road 1 cooling, road 2
deposition, road 1 and 2 cooling, and residual stress and warpage analysis. These
simulation models were linked together by importing the geometry and temperature profile
from the previous model into the current model as the simulation progressed through the

MEX process.

In the first simulation model, a road of PPS was deposited through an extrusion

nozzle onto the build platform at a volumetric flow rate determined by Equation 3.1:

Q = vWH 3.1)

where v was the deposition velocity, /¥ was the width of the deposited rectangular road,
and A was the road height. While the nozzle used in MEX had a round orifice, the deposited
road adopted an approximately rectangular shape, so that shape was used in this calculation
[66]. During the simulated deposition, the PPS filament was extruded through the nozzle
in the vertical direction by applying the volumetric flow rate at the nozzle entrance with a
gravitational force to cause the extrudate to flow downward from the nozzle. The

volumetric flow rate calculated with Equation 3.1 was 3x10°® m?/s using the print speed of
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15 mm/s and the layer height of 0.2 mm. Because the model was two-dimensional, the unit

width of 1 m was used in the flow rate calculation.

The nozzle was held in a stationary position as the build platform translated
horizontally at the deposition speed of 15 mm/s. In ANSYS® Polyflow, the build platform
was defined as a mold with constant and uniform temperature of 85 °C. The geometry,
mesh, and boundary conditions before road 1 deposition are show in Figure 3.2. The model
contained 1562 nodes and 1390 elements total. The nozzle walls were represented by the
top, right, and left boundaries of the modeled nozzle while the bottom boundary
represented the extrudate free surface. Road 1 deposition was a two-dimensional planar,
time-dependent, non-isothermal problem. The flow and thermal boundary conditions for
the model were labeled at every boundary and the cross sections of the entire nozzle,
extrudate, and build platform were modeled since road 1 deposition was not an
axisymmetric model. As the first road was deposited on the build platform, the mesh in the
extrudate deformed significantly. In order to properly mesh the changing geometry seen in
the first road deposition, the remeshing technique in ANSYS® Polyflow was applied to
the extrudate at the nozzle entrance to continually refresh the mesh in the first road during

its deposition.
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Figure 3.2: Geometry, mesh, and boundary conditions (BC) before road 1 deposition where
vn 1s the normal velocity and vs is the tangential velocity.

32



The geometry and temperature profile of the first road were exported and used in
the first road cooling model. The mesh, geometry, and boundary conditions used in this
step are shown in Figure 3.3. The model contained 22,613 nodes and 21,407 elements total.
Compared to the first model, the nozzle was removed and the completed road 1 replaced
the extrudate. It was also a two-dimensional planar, time-dependent, non-isothermal
problem, so the flow and thermal boundary conditions for the model were labeled at every
boundary. In this model, the build platform temperature was applied to the bottom surface
of the first road while the outer surfaces were subjected to convective cooling with air at
an ambient temperature of 20 °C. The cooling simulation was run over a time equal to the
deposition time plus one second. The deposition time corresponded to the horizontal
movement of the build platform back to its original position, and the one second
corresponded to the time required for the vertical movement of the build platform

downward to prepare for the second road deposition.
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Figure 3.3: Geometry, mesh, and boundary conditions before layer 1 cooling where vy is

the normal velocity and v is the tangential velocity.

Road 2 deposition and cooling proceeded in a manner very similar to the first road

deposition and cooling. The second road was deposited on top of the first road that was

characterized by the exported geometry and temperature profile from the previous

simulation model. The mesh, geometry, and boundary conditions used in this step are

shown in Figure 3.4. The model contained 22,613 nodes and 21,407 elements total. During

the second road deposition, conductive heat transfer occurred between the two roads by

utilizing the fluid-to-fluid contact capability in ANSYS® Polyflow.
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Figure 3.4: Geometry, mesh, and boundary conditions before road 2 deposition where vi
is the normal velocity and vs is the tangential velocity. Conductive heat transfer occurred
between road 1 and the second road as it was deposited by using the fluid-to-fluid contact
capability in ANSYS® Polyflow.
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Following road 2 deposition, road 1 and 2 cooling was performed using the
exported geometry and temperature profile from road 2 deposition. In road 1 and 2 cooling,
the roads were allowed to cool for 10 seconds. The mesh, geometry, and boundary
conditions used in this step are shown in Figure 3.5. The model contained 131,705 nodes
and 42,456 elements total. Compared to the previous model, the nozzle was removed and
the completed road 2 replaced the extrudate. While the previous simulation models were
performed in ANSYS® Polyflow, road 1 and 2 cooling was performed in ANSYS®
Mechanical. Only thermal boundary conditions are used with ANSYS® Mechanical, so
only thermal boundary conditions were applied at every boundary. The same thermal

boundary conditions used in road 1 cooling were used in this simulation model.

»
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—
v=0mm/s Thermal BC: T = 85 °C

Figure 3.5: Geometry, mesh, and boundary conditions before road 1 and 2 cooling
performed in ANSYS® Mechanical.
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During this cooling period, the residual stress and warpage seen in the two roads
were analyzed in the final simulation model. The temperature profiles and geometries of
the two roads were exported from the road 1 and 2 cooling simulation model and imported
into ANSYS® Mechanical to conduct structural analysis in the final process simulation
model. The model contained 131,705 nodes and 42,456 eclements total and the mesh,
geometry, and boundary conditions used in this step are shown in Figure 3.6. The midpoint
of the first road was fixed to the build platform and a zero force was applied everywhere
else in order to compute the residual stress and warpage experienced in the two roads
during cooling. The location of the fixed point between the first road and the build platform

is shown in Figure 3.6.

Force=0

o Everywhere else
Deposition length =10 mm R

5 0.20 mm
.- 8*———— Fixed (o build platform 0.20 mm
Build Platform 0.50 mm

[
<€ »

&

11 mm

Figure 3.6: Geometry, mesh, and boundary conditions before the residual stress and
warpage simulation performed in ANSYS® Mechanical.

The constitutive equations that govern the thermal and mechanical phenomena in

the process simulation models are discussed in detail in APPENDIX A.
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3.2.2 Material properties

The wide range of temperatures that occur during MEX made it necessary to
consider many material parameters as a function of temperature [7]. To obtain inputs for
the simulation model, the flow characteristics of PPS were characterized using both a

theoretical treatment and experimental data from capillary rheology.

The dependence of PPS viscosity on both shear rate and temperature was accounted

for in the MEX process by using the power-law viscosity model shown in Equation 3.2:

n=Km"* 3.2)

where 1 is viscosity, y is shear rate, and K and n are power-law fit parameters. The
temperature dependence of the viscosity was assumed to be described by an Arrhenius

model shown in Equation 3.3:

H(T) = e[“(%‘%)] (3.3)

where «a is the activation energy and Ty is the reference temperature. The final viscosity
equation for PPS combined the dependence of viscosity on shear rate and the dependence

of viscosity on temperature [65]. This expression is given in Equation 3.4.

n = H(T)ng,7) (3.4)
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Experiments were conducted on a capillary rheometer, the Dynisco LCR7001 [88], at
various shear rates and temperatures to obtain a viscosity expression for PPS according to
the equations given above. The L/D ratio of the capillary die was 40 with a length of 20
mm and a diameter of 0.5 mm. Shear rates representative of the MEX process, 100 to
10,000 s, [7, 58] were used at temperatures 300 °C, 310°C, 320 °C, and 330 °C. PPS
pellets used in the experimental runs were obtained from Technical Polymers with the
product name Thermec S™. Two experimental runs were conducted at each temperature
and a correction was made to convert apparent viscosity to true viscosity. No Bagley
correction was performed due to limited capillary dies available for use. The viscosity as
a function of shear rate obtained from experiments at each temperature is shown in Figure
3.7. The viscosity equation given in Equation 3.4 was fit to the experimental data and the
resulting equation is given in Equation 3.5.

1

n=e [9345-5(T‘ﬁ)]914_61(y)-0-25 (3.5)

Using Equation 3.5, a viscosity surface plot was constructed to show the viscosity
as a function of shear rate and temperature over a larger temperature range. This surface

plot is shown in Figure 3.8.
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Figure 3.7: The viscosity of PPS as a function of shear rate. As expected, the viscosity

decreased with increasing shear rate and increasing temperature.
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Figure 3.8: A viscosity surface plot for PPS was constructed by fitting Equation 3.4 to the
experimental data. The symbols (*) represent experimental data while the surface plot was
obtained using Equation 3.5, which was used to plot viscosity as a function of shear rate
and temperature from 290 °C to 340 °C and from 100 s to 10,000 s™.
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Table 3.1 shows the material properties of PPS used as inputs for the simulation
models compared to the same values for PP used in previous work [40]. Most of these
values were obtained from general material data sheets as opposed to experiment and may
not exactly represent the properties of the materials or temperatures used for validation

studies. Therefore, the simulation results were used primarily as qualitative indicators of

material behavior and to provide a basis for comparison between the two polymers.

Table 3.1: Material properties of PPS and PP used in the simulation models [40, 89, 90]

Material PPS PP
property
Viscosity |7 L n L
expression | = e[9345-5(T-m)]914_61(y)—0-25 = e[1318'9(T_m)]3346_4()‘/)_0-54
Density 1350 kg/m? 900 kg/m?
Coefficient
of thermal 5.04 x 10 m/(m-°C) 1.50 x 10 m/(m-°C)
expansion
Thermal 0.288 W/(m-°C) 0.200 W/(m-°C)
conductivity ) )
Heat
el 1001 J/(kg-K) 1920 J/(kg-K)
Surface
tension 38.0 mJ/m? 30.5 mJ/m?
coefficient
Young's 4.50 GPa 175 GPa
modulus
Poisson’s 0.38 0.38
rat1o
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3.2.3  Primary assumptions and considerations

In the developed process simulation models for the deposition and cooling of two
PPS MEX roads, some assumptions and considerations were made regarding the physics
of the MEX process and the behavior of PPS. The material properties of PPS given in Table
3.1, except for viscosity, were assumed to be constant values in the entire simulated
temperature range. However, CTE was modeled as a function of temperature in a separate
set of process simulation models described in section 3.3.3. While the viscosity of PPS was
modeled as a function of shear rate and temperature using a power-law model and an
Arrhenius model, other aspects of viscoelasticity were not considered. Additionally, the
volume contraction during crystallization was not captured explicitly in the simulation.

Instead, CTE was used to capture this behavior.

In the two-dimensional transient heat transfer behavior, radiative heat transfer was
assumed to be negligible. In addition, during deposition, full contact was assumed between
road 1 and the build platform during road 1 deposition and between road 1 and road 2
during road 2 deposition. Following the cooling of road 1 and road 2, the temperature result
was used as a load for the following structural analysis. During the deformation calculation,
the displacement constraint between the build platform and road 1 was removed in order
to allow the part to deform about a fixed point in the center of the part. This was assumed

in order to mimic the symmetric curling of parts observed during fabrication in MEX.
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3.2.4 MEX additive manufacturing machine

The MEX AM machine used in this study was the HYREL System 30 from HYREL
International [91]. The HYREL System 30 gives users a large amount of control over the
MEX process through its open hardware and software. The hardware in the HYREL
System 30 can accommodate temperatures up to 450 °C. The print head uses a spring-
mounted roller to convey the MEX filament into the liquefier chamber. This spring-
mounted roller can translate filaments with diameters of around 1.3 mm up to 1.85 mm

into the chamber.

The system uses a controller software known as Repetrel, which was developed by
HYREL International. Repetrel is a modified version of Repetier [92], a controller software
commonly used with other MEX machines. Various process parameters can be modified
in real time during part fabrication within Repetrel. Some of the process settings include
extrusion temperature, build platform temperature, filament feed rate, and the z position of
the extrusion nozzle. Repetrel instructs the print head where to deposit material roads based
on toolpath information in a G-code file. The G-code file is written using a common slicing
software known as Slic3r [93]. Slic3r has many adjustable settings that control how a CAD
model is fabricated. Some of the adjustable settings that determine the produced G-code
include layer height, deposition speed, solid/infill patterns, and many others. Validation
parts were constructed using PP MEX filament obtained from Gizmo Dorks with a standard
diameter of 1.75 mm and PPS monofilament with a diameter of 1.4 mm. An extrusion

multiplier of 1.5 was used when printing with PPS to compensate for the smaller diameter.
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Since Watanabe et al. showed that process variable settings, such as deposition
speed and layer height affected part warpage in PP [40], a consistent set of process variables
was used in the simulation and experimental work. The values of those process variables
are given in Table 3.2. PPS and PP parts were fabricated using the process variables in
Table 3.2. A slower deposition speed than that used for PP was chosen to reduce drool and
improve surface finish. The deposition temperature was increased from 220 °C to 290 °C
to accommodate the higher melting temperature of PPS, 280 °C, and the build platform
temperature was increased from 80 °C to 85 °C. The deposition length was increased to 10
mm to better represent the scale of typical MEX parts without significantly increasing the
computation time of the simulation models. Significantly larger deposition lengths would

have resulted in much larger simulation model computation times.

Table 3.2: Process variable settings for process simulation models

Process variable setting PPS \ PP

Environmental temperature 20 °C
Deposition temperature 290 °C | 220 °C

Build platform temperature | 85 °C 80 °C

Deposition length 10 mm 5 mm
Deposition speed 15 mm/s | 20 mm/s
Layer height 0.2 mm
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3.3 Results and discussion

3.3.1 PPS process simulation models and experimental validation

The sequential simulation models demonstrated the MEX process of PPS. Figure 3.9 shows
the temperature distribution and shape of the first road as it was deposited on the build
platform in the first simulation model. Due to the higher deposition temperature used with
PPS in this simulation model, the thermal gradients present in the first road deposition were
larger than the thermal gradients when depositing PP in previous work. The slower
deposition speed, 15 mm/s versus 20 mm/s, resulted in a longer deposition time. This
contributed to an increase in thermal gradients in the road. The longer deposition length,
10 mm versus 5 mm, also resulted in a longer deposition time, allowing deposited sections
more time to cool during the deposition step. The final result of the first road deposition of
PP is compared to PPS in Figure 3.10. Table 3.3 shows the differences in temperatures

seen in the first road deposition.
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Figure 3.9: Temperature distribution and filament shape during road 1 deposition of PPS.
As road 1 was deposited, it experienced convective cooling with the environment at 20 °C
and conductive cooling with the build platform at 85 °C.
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Figure 3.10: Final geometry and temperature distribution in road 1 deposition for a) PPS
and b) PP [40]. The higher extrusion temperature, longer deposition length, and slower
deposition speed used with PPS result in a larger temperature gradient in the PPS road 1.
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Table 3.3: Temperatures seen in road 1 deposition in the PPS and PP process simulation

models [40]

Temperature PPS PP
Tmax 290.0 °C 220.0 °C
Tmin 217.7°C 199.6 °C
AT 72.3 °C 20.4 °C

During the cooling step, the first layer cooled for 1.67 seconds during which the
build platform moved horizontally back to its original position and indexed downward to
prepare for the second road deposition. The deposition nozzle was not in contact with the
road during cooling. The first road was deposited at 290 °C and cooled to approximately
100 °C in 0.239 seconds. In the previous study with PP, the first road was deposited at 220
°C and cooled to approximately 122 °C in 0.25 seconds [40]. The faster cooling seen in
PPS is due to the larger difference between the deposition temperature and the

environmental temperature.

The temperature distributions and filament shapes during the second road
deposition and roads 1 and 2 cooling are shown in Figure 3.11 and Figure 3.12,
respectively. The procedure for this simulation model was similar to the procedure
described for the first road deposition and cooling. During the second road deposition,
conductive heat transfer occurred between road 1 and road 2. The two roads were then

allowed to cool for 10 seconds to allow the roads to cool completely from their deposition.
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Figure 3.11: Temperature distribution and road geometries during road 2 deposition of
PPS. Road 2 deposition began with a completely cooled road 1 at 85 °C. When road 2 made
contact with road 1, conductive heat transfer occurred between the two roads and road 1
increased in temperature. As the deposition proceeded, the two layers began to cool
together through convective cooling with the environment and conductive cooling with the
build platform.
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Figure 3.12: Temperature distribution during road 1 and 2 cooling of PPS. After road 2
deposition, the deposition nozzle moves off the geometry and the two roads begin cooling
together through convective cooling with the environment and conductive cooling with the
build platform. The roads are allowed to cool for 10 seconds, but they cool completely in
1.75 seconds.
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The last simulation model was performed in ANSYS® Mechanical to predict the
thermally-induced residual stresses and part warpage caused by the crystallization of the
material during cooling. During road 2 deposition, road 1 was reheated as it came in contact
with road 2 as shown in Figure 3.11. Road 2 and the reheated road 1 then cooled together
and crystallized causing warpage and simultaneously inducing residual stresses. The part
warpage and residual stresses of the two deposited roads are shown in Figure 3.13 and
Figure 3.14, respectively. In Figure 3.13, the part warpage is shown in the two roads by
measuring the deformation of the edges of the road from the build platform. At the edges,
PPS showed a warpage of 0.017 mm. The inset in Figure 3.13 shows the warpage to scale
while the main figure is shown at a magnified scale so that the shape produced by the
warpage can be visualized. Figure 3.14 shows that minimal residual stresses were
developed in the PPS roads during cooling. As a result, little warpage was observed,
especially when compared to the warpage of 0.100 mm exhibited by PP in previous work

by Watanabe et al. [40].
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Figure 3.13: Warpage exhibited by PPS in the process simulation model performed in
ANSYS® Mechanical. PPS roads 1 and 2 exhibited a warpage of 0.017 mm after cooling

together for 10 seconds. The inset shows the geometry to scale while the main figure is
scaled by a factor of 10 to show the shape the warpage exhibited.
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Figure 3.14: Residual stresses in road 1 and 2 at steady state. PPS roads 1 and 2 exhibit
minimal residual stress after cooling. The inset shows the geometry to scale while the main
figure is scaled by a factor of 10 to show the shape the warpage exhibited.

Because the process simulation models were computationally intensive, only two
layers that were 10 mm long were simulated. In order to validate the model, PPS MEX

parts were fabricated using the HYREL System 30. The fabricated parts were 0.4 mm tall
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and 0.5 mm wide and were made using two - 0.2 mm tall layers to match the process
simulation models. They were fabricated with several lengths including 10 mm, 20 mm,
40 mm, and 80 mm. The 10 mm long road matched the geometry that was modeled using
the PPS process simulation models. Additional geometries were fabricated with PPS and
PP to match the experimental validation used by Watanabe et al. [40]. The geometry in that
work was a 20 mm by 20 mm rectangle that was 1 mm tall (5 layers). The different part
lengths led to differences in absolute warpage values between the process simulation
models and the fabricated parts, so the warpage values determined from the process

simulation model were extrapolated to longer deposition lengths.

This extrapolation was performed by assuming that the radius of curvature of the

part was constant. The radius of curvature, r, was calculated using Equation 3.6:

H Ww?
2

— (3.6)

r=
where W is the deposition length and H is the warpage calculated using the process
simulation models. The radius of curvature was calculated for PPS and PP using the
warpage results obtained from the process simulation models [40]. These radii were then
used to calculate the warpage for varying deposition lengths. The larger radius of curvature
for PPS corresponded to lower warpage values when compared to the smaller radius of
curvature of PP. The simulation models predicted that for a 10 mm long part, PPS would
warp 0.017 mm while PP would warp 0.100 mm. Following the simulation model
predictions, a 40 mm long PPS part with two layers should warp 0.270 mm and a PP should

warp 1.537 mm. Additional layers would cause these warpage values to increase.
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As previously described, warpage experienced by MEX parts causes them to
separate from the build platform during fabrication. This behavior was observed by
Watanabe et al. [40]. However, when fabricating PPS parts with MEX, no warpage was
visible for any of the fabricated geometries and the entire part remained completely adhered
to the build platform. This implied that there were minimal residual stresses present in the
fabricated part, which was consistent with the results obtained by the process simulation
model. A 20 mm by 20 mm by 1 mm PPS part that was fabricated is shown in Figure 3.15.
The figure shows that the part did not warp or detach from the build platform during
printing. For comparison, a 20 mm by 20 mm by 1 mm PP part was also fabricated. As
shown in Figure 3.15, the part detached from the build platform during printing, implying
that there were residual stresses present in the part. These results are consistent with what

was observed previously [40].

Figure 3.15: Validation parts were printed using PPS and PP. MEX was used to fabricate
20 mm x 20 mm x 1 mm parts with PPS (left) and PP (right). The PPS part exhibited no
visible warpage and remained adhered to the build platform for the duration of printing.
The PP part warped and separated from the build platform during printing.
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3.3.2 Parametric studies based on material properties

The parametric studies of the warpage simulation model were conducted by
changing the material parameters in the PPS process simulation models to determine which
material properties affected part warpage. Values for PP were used in addition to other
logical values. The material properties of interest were CTE, thermal conductivity, heat
capacity, and Young’s modulus. Table 3.4 shows the warpage value obtained from the PPS
process simulation models with varied material parameters and how those material
parameters compare to the original PPS value. It also shows the comparison of the warpage
values from the warpage value of 0.017 mm obtained using the base PPS process

simulation models.

Table 3.4: Warpage of PPS process simulation models with adjusted material properties.

PP parameter used with | Warpage | Parameterpp | Warpage,arameter
PPS simulation model (mm) Parameterppg Warpagepps

CTE 0.050 2.98 2.98

Thermal conductivity 0.017 0.69 1.01

Heat capacity 0.017 1.92 1.00

Young’s modulus 0.017 0.39 1.00

The CTE showed direct scaling with the warpage value in the process simulation
models. In the PPS process simulation models, when the CTE was increased by a factor of
2.98, the warpage value obtained also increased by a factor of 2.98. Changing the thermal
conductivity, heat capacity, and Young’s modulus by factors of 0.69, 1.92, and 0.39,

respectively, did not significantly affect the warpage seen in the process simulation models.
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The warpage vs. deposition length plots for PP, PPS and the PPS process simulation with

a modified CTE value are shown in Figure 3.16.
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Figure 3.16: Warpage vs. deposition length plots for PP, PPS, and CTE modified PPS. The
warpage value obtained using the process simulation models was used to extrapolate the
warpage values at other deposition lengths. The PP simulation model exhibits more
warpage than both the PPS simulation model and the PPS simulation model that used the
CTE of PP.

The effects of changing multiple material properties at once were studied using
different combinations of CTE, thermal conductivity and heat capacity values in the PPS
process simulation model. Table 3.5 shows the warpage value obtained for the simulations
along with how it compares to the warpage value from the base PPS process simulation

models.
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Table 3.5: Warpage of PPS simulation models with multiple adjusted material properties.

PP parameter used with PPS simulation model Warpage | WaTPageparameter
(mm) Warpagepps
CTE + thermal conductivity 0.051 3.04
CTE + heat capacity 0.050 2.99
Thermal conductivity + heat capacity 0.017 1.01
CTE + thermal conductivity + heat capacity 0.051 3.03

As seen in Table 3.5, some material parameters have a more significant effect on
warpage when changed in conjunction with another material parameter. Thermal
conductivity appeared to have a more significant impact on warpage when combined with
effects from CTE. When modifying CTE and heat capacity together, the warpage seen was
slightly larger than what was seen with CTE alone. However, it did not appear that the

contribution from heat capacity increases when combined with thermal conductivity.

Based on the results seen by varying the material parameters of PPS to values of
PP, additional values for the CTE, thermal conductivity, and Young’s modulus were
explored based on work done with polymer composites. An additional CTE value was used
to confirm its direct scaling with warpage. Additional values for thermal conductivity and
Young’s modulus were chosen in order to assess if different values could more

significantly affect the warpage of PPS.

Fillers have been used in various polymer systems to modify the thermal and
mechanical properties of the combined system, or polymer composite [94]. Fillers in

polymer composites can have various structures, such as particles or small fibers, and can
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be used in various loading amounts. Both inorganic and organic fillers have been employed

such as carbon nanotubes, metal powders, cellulose nanocrystals, and glass fiber.

The CTE has been lowered by fabricating polymer composites with inorganic fillers
with low thermal expansion values. Specifically, the addition of aluminum nitride (AIN)
lowered the CTE and simultaneously increased the thermal conductivity of polyethylene
polymer composites [95]. Lee et al. [95] showed a decrease in the CTE of polyethylene
from 198 ppm/°C to 31.7 ppm/°C with the use of surface treated AIN fillers. This value is
significantly lower than the values for PPS and PP. A CTE value of 31.7 ppm/°C was used

in the process simulation models for PPS.

The thermal conductivity of polymers is lower than the thermal conductivity of
metals and many other inorganic materials. The thermal conductivity of polymers is
typically in the range of 0.1 to 0.5 W/(m-K) while metals can have values as much as 3
orders of magnitude higher [94]. The thermal conductivity of polymers can be increased
through the use of fillers with high thermal conductivities, such as metal or carbon fillers.
Carbon nanotubes have attracted much interest as a filler for this purpose due to their high
thermal conductivity (theoretically > 6000 W/m-K) [96]. Although the carbon nanotubes
do not increase the thermal conductivity of polymer matrices as much as predicted by the
rule of mixtures, the thermal conductivity of polymer composites has been doubled with
the introduction of carbon nanotubes [97]. Based on this possibility, the thermal
conductivity value for PPS was doubled and used in the simulation model with the other

PPS material parameters.
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The addition of particles to polymers can increase the Young’s modulus of the
polymer matrix. The use of various discontinuous organic and inorganic fillers have been
studied for this purpose and the effect of filler loading on the modulus can be modeled

using the Guth-Gold model given in Equation 3.7.

E

= (1+2.5¢ + 14.1¢?) (3.7)
S

where E; is the modulus of the polymer and ¢ is the filler volume fraction [98]. The use of

AIN particles in polyvinylidene fluoride increased the modulus from 2.2 GPato 15.51 GPa

[99]. This value is much larger than the Young’s modulus of PP and PPS. A Young’s

modulus value of 15 GPa was used in the simulation model with the other PPS material

parameters.

Based on previous work with polymer composites, new values of CTE, thermal
conductivity, and Young’s modulus were used in the PPS process simulation models to
further examine the effect of these material properties on part warpage. Table 3.6 shows
the new material parameters used in the PPS simulation models, how they compare to the
original material parameters, and how the warpage of the models was changed based on

those values.
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Table 3.6: Warpage of PPS simulation models with additional adjusted material properties

Adjusted parameter used | Warpage | Parameter gy sieq | Warpagegajustea
with PPS simulation model (mm) Parameterppg Warpagepps
CTE 0.011 0.63 0.63
Thermal conductivity 0.017 2.00 0.99
Young’s modulus 0.017 3.33 1.00

The warpage value obtained from the simulation using the additional CTE value
confirmed that the warpage directly scales with CTE. Even though the thermal conductivity
was changed more significantly in this set of simulations, it still had a minimal effect on
the part warpage. Doubling the thermal conductivity only decreased the warpage to 99%
of its original value. Consistent with what was shown before, changing Young’s modulus

did not significantly affect the part warpage seen in the simulation.

3.3.3 Modeling material properties as a function of temperature

In the developed process simulation models, only viscosity was modeled as a
function temperature even though many of the material property inputs for the models are
not constant values over the studied temperature range. Because of the computational
expense of modeling all the inputs as functions of temperature and the lack of experimental
data detailing their dependence on temperature for PPS, many of the material properties
could not be expressed as functions of temperature in the process simulation models. The
parametric studies on the material properties in section 3.3.2 showed that CTE was the

most influential material property input that determined MEX part warpage and
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deformation characteristics. The relationship between CTE and temperature is well defined
for PPS [100], so additional process simulation models were developed in which CTE was

modeled as a function of temperature according to Equation 3.8.

10.9 x 1075, T <90

CTE(T) = { 46 x10™5, T =90

(3.8)

The user defined function (UDF) capability in ANSYS® Polyflow allows value
parameters, such as material properties, to be defined as functions of other quantities. In
ANSYS® Mechanical, the piecewise function describing CTE was inputted in the
Engineering Data Tabular capability. The use of these capabilities increased the
computational time of the process simulations by 290%. The obtained warpage value was
0.015 mm, which was 12% lower than the base simulation warpage value or 0.017 mm. A
large difference was not seen between the obtained warpage values because the CTE of

PPS was constant for the majority of the examined temperature range of 85 °C to 290 °C.

3.4 Conclusions

In this study, the MEX process was modeled in three phases: road 1 deposition and
cooling, road 2 deposition and cooling, and residual stress and warpage. The results seen
in the deposition and cooling of two polymer MEX roads were consistent with process
simulation models conducted previously. The temperature distribution for PPS was larger
than that seen in PP and the observed cooling rates were larger. These differences were

attributed to different deposition temperatures, lengths, and speeds. In the PPS process
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simulation models, a higher deposition temperature, longer length, and slower deposition

speed were used which resulted in larger thermal gradients throughout the MEX part.

The difference in warpage between PP and PPS experimental parts was investigated
using the process simulation models. Various material properties of PPS were adjusted to

the values for PP to determine their effect on part warpage.

e Decreasing the CTE decreased part warpage by the same factor.

e Changing the thermal conductivity did not appear to have a significant effect on
part warpage.

e Changing heat capacity did not appear to have a significant effect on part warpage.

e Changing the Young’s modulus did not appear to have a significant effect on part

warpage.

Additional values for the CTE, thermal conductivity, and Young’s modulus were
investigated for the PPS simulation models based on existing methods used to modify these
values in polymer composites. The addition of fillers has shown to decrease the CTE,
increase the thermal conductivity, and increase the Young’s modulus. These modifications
all led to a decrease in MEX part warpage in the simulation models. In addition, CTE was
modeled as a function of temperature and similar warpage values were obtained compared
to the original model. Overall, these process simulation models provide insight into which
material properties most affect MEX part warpage. In addition, they provide a means to
determine how fillers used in polymer composites could affect their performance in the

MEX process. Understanding the relationships between material properties and final part
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deformation characteristics facilitates new material development strategies in order to

expand the materials available for MEX.
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CHAPTER 4. FAST SCANNING CALORIMETRY FOR

SEMICRYSTALLINE POLYMERS IN MEX

4.1 Background

MEX parts experience cycles of heating and cooling during their fabrication as
layers of liquefied thermoplastic are deposited to fabricate the three-dimensional part.
Previous studies have shown the influence of temperature evolution during fabrication on
MEX part properties. Temperature management during fabrication has been shown to
affect the thermally driven bonding process between roads and layers [15-17, 81, 84, 86,
101, 102], and temperature gradients have been shown to induce residual stresses and
strains resulting in part warpage [22, 84-86, 102, 103]. Because of the direct influence of
temperature on MEX part properties, it is essential to understand thermal history during

the MEX process.

Previous work regarding direct measurement and analytical modeling of
temperatures experienced during MEX has shown cycles of high heating and cooling rates
associated with the additive build process [15, 16, 79, 82, 84, 85, 102, 103]. Direct
measurement of the temperatures experienced during FDM is limited and has been
primarily focused on parts using ABS with a few examining PLA. Direct measurement has
been performed by embedding k type thermocouples in the foam base plate of Stratasys
systems [15, 16]. These studies showed that significant reheating occurred when depositing
the first several layers of fabricated parts and reheating effects were seen in the bottom

layers after over 15 successive layer depositions [15]. A deposition strategy with shorter
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filament paths and increased build chamber temperature were shown to promote better
bonding in parts through flexural testing. The increased bonding was the result of longer
times above glass transition temperature [15]. The temperature history was also shown to
vary within a part resulting in the lower layers showing better bonding strength due to their
increased time above glass transition compared to subsequently deposited layers [16]. The
thermal behavior within each layer was also showed to vary significantly [102]. K type
thermocouples embedded in various position in the 7" layer of a 13 layer ABS part showed
that temperature variation was the highest at the edges of the fabricated part and was
heavily dependent on tool path. The same reheating effects due to the additive deposition
of layers was also demonstrated. An analytical finite element method (FEM) model
developed in ABAQUS® in conjunction with the experimental work showed good
agreement with the experimental data [102]. Fiber Bragg grating sensors have also been
embedded in ABS MEX parts to monitor strain variations in addition to the use of k type
thermocouples to monitor temperature changes [103]. Significant thermal strains were
shown to develop in the first several layers due to cycles of heating and cooling and thermal

variations within the entire part and within the individual layers.

Analytical techniques have also been employed to examine the effect of process
parameters on temperature evolution within MEX parts. The element activation technique
employed in ANSYS® showed the effect of tool path on temperature evolution and
mechanical distortion in ABS parts fabricated with MEX [85]. The model showed
temperature variations between and within layers and showed highest thermal stresses in
the bottom layers, which was in agreement with the experimental work by Kousiatza et al.

[103]. Numerical techniques have also been implemented using MATLAB that
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demonstrated reheating effects within individual roads that depended on process
parameters such as printing speed, filament dimensions, deposition sequence and
environment temperature [82]. This work was extended to compute the adhesion quality
between deposited rasters based on an algorithm that activated relevant boundary
conditions based on previous work regarding bonding in ABS MEX parts [79]. A three-
dimensional mathematical model was also developed for PLA that showed the reheating
effects due to subsequent layer depositions were most significant in the layer thickness
direction [84]. Increased layer height and print speed were shown to result in lowered
cooling rates, but temperature settings, such as print temperature, build platform
temperature and environment temperature, were concluded to be the most influential on

the overall temperature variation within an MEX part.

Analytical and experimental studies with MEX fabrication show that the successive
deposition of adjacent roads and layers causes previously deposited and cooled material to
reheat to temperatures up to the print temperature. The exact thermal history seen by the
part varies within the geometry and is affected by the many MEX process variable settings.
The rates of the cooling have been estimated to be up to hundreds of degrees per second
[21, 40, 49, 77, 84, 104]. While fast cooling rates are advantageous to prevent sagging or
drooping as the polymer road solidifies quickly after deposition, the short times that the
polymer remains above its glass transition temperature result in partial bonding between
roads and layers [17, 77, 79, 83]. Elevated build chambers and build platforms have been
utilized to decrease cooling rates in order to increase bonding and decrease temperature
gradients within parts, resulting in increased mechanical properties and decreased part

warpage [15, 77, 84].
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The extension of MEX to semicrystalline polymers has unique challenges with
these fast cooling rates and cyclic heating compared to amorphous systems. In
semicrystalline polymers, cooling rate has been shown to affect the level of crystallinity
developed [105]. Sufficiently high cooling rates have been shown to limit crystallization

in semicrystalline polymers [105-110].

4.1.1 Differential scanning calorimetry

The percent crystallinity of semicrystalline polymers can be measured using
differential scanning calorimetry (DSC), a common thermal analysis technique. In DSC,
the enthalpy of melting, 4H,, is calculated and compared to the theoretical enthalpy of

melting of a 100% crystalline material, 4H,°, as shown in Equation 4.1.

m

A
% crystallinity = AH

o
m

x 100% (4.1)

In DSC, heating and cooling rates of 10 °C/min are typically used to measure
thermal transitions and percent crystallinity. Semicrystalline polymers generally exist in a
metastable state, and the relatively slow heating rates used with DSC can allow
reorganization processes to occur during heating [105, 107, 111, 112]. Cold crystallization
is a reorganization process that occurs upon heating between glass transition temperature
and melting temperature. During this exothermic event, the material crystallizes and the
degree of crystallinity increases [109, 113]. In other reorganization processes, crystallites

become more perfect without the degree of crystallinity appreciably changing [112, 113].
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Due to reorganization processes that occur during heating, the melting curve observed in
DSC may not be representative of the original material [114]. The additional crystallinity
developed during cold crystallization and the increased stability from perfected crystallites
results in appreciably higher melting enthalpies and increased melting peak temperatures

[112, 113, 115].

4.1.2 Fast scanning calorimetry

In order to suppress these reorganization phenomena and measure the melting
temperature and percent crystallinity of the as-processed material, higher heating rates than
what are capable with DSC are necessary [110, 115]. A recently developed technology,
fast scanning calorimetry (FSC), is a DSC that uses a chip sensor based on micro-electro-
mechanical system (MEMS) technology. MEMS technology and the use of small samples
(<500 ng) facilitates the use of fast heating and cooling rates of 1000s of °C/s [105, 116].
These devices were originally developed by researchers to investigate materials far away
from their thermodynamic equilibrium or produce materials with advanced and novel
properties that were unrealizable without fast heating and cooling rates [110, 116, 117].
Because most modern materials are used in non-equilibrium states, it is essential to study

their behavior over a range of thermodynamic states [110].

Fast heating rates have been shown to suppress reorganization processes in various
semicrystalline polymers such as polyethylene terephtahale (PET), isotactic PP, PEEK, and
polyethylene (PE) [106, 108, 111, 118-122]. Using conventional DSC on semicrystalline

polymers, multiple melting peaks have been observed [114, 123-126]. These multiple
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melting peaks have been theorized to be the result of multiple crystallite populations, but
the use of FSC has shown that in some cases the multiple peaks resulted from a
reorganization phenomena known as melting-recrystallization-remelting. In this behavior,
as some crystals melt, they have chain segments that still possess some localized order in
the melt and quickly recrystallize to form more stable lamellae [113, 122]. These more
stable lamellae eventually melt at higher temperatures. As the heating rate was increases,
the highest of the observed melting peak shifts to lower temperatures and decreases in size
while the lower peaks move to higher temperatures and increase in size until only one peak
is observed [120, 121]. The lower temperature melting peak results from two opposing
processes: the endothermic melting of initial crystallites and the exothermic
recrystallization process. With increasing heating rate, the time allowed for
recrystallization decreases so the exothermic contribution of recrystallization also
decreases. The decrease in exothermic recrystallization therefore leads to an increase in the
peak area and the peak position. In addition, the material that was still able to recrystallize
will be less perfect than at longer times and its content will be smaller, so the higher melting
peak will decrease in area and its peak position will shift to lower temperatures [113, 120,
121]. The use of a sufficiently fast heating rate prevents the melting-recrystallization-
remelting phenomena allowing the melting behavior of the original material to be studied.
The presence of this recrystallization process has been confirmed with other experimental
techniques such as small- and wide-angle X-ray scattering (SAXS and WAXS) [125, 127],
transmission electron microscopy (TEM) [128], and atomic force microscopy (AFM)

[129].
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The high cooling rates have also been used to prevent the formation of crystallinity
in semicrystalline polymers [105, 108, 109, 117, 130-148]. Depending on the
crystallization kinetics, some polymers can be made amorphous using standard DSC
cooling rates, such as PET and PLA [149]. Linear polymers that are very fast crystallizers,
such as linear PE, are very difficult to cool to an amorphous state even with FSC [106].

Table 4.1 shows the critical cooling rates to prevent the formation of crystallinity in many

semicrystalline polymers using FSC.

Table 4.1: Critical cooling rate to prevent crystallization in different semicrystalline

polymers determined using FSC.

Critical cooling rate to
Polymer prevent crystallization Reference
[°C/s]
PLA 0.5 [130, 131]
2 [133]
PET 3 [105]
Isotactic polybutene-1 (iPB-1) 10 [147]
Poly(butylene succinate) (PBSu) 70 [139]
PA 6 150 [105, 138, 146]
Polybutylene terephthalate (PBT) 200 [105, 132,142, 143]
PCL 500 [141]
PA 11 500 [135]
PA 66 500-1000 [134]
Isotactic PP 1000 [108, 109, 143, 144]
Polybutylene naphthalate (PBN) >2000 [145]
>6000 [148]
PVDF 100,000 [137]
Polytetrafluoroethylene (PTFE) >1,000,000 [136]
High-density PE >1,000,000 [117, 140]

70




By cooling at sufficiently fast cooling rates, a completely amorphous material can
be achieved without any homogenously formed nuclei. The amorphous material allows the
study of kinetics of both non-isothermal and isothermal crystallization at all relevant
cooling rates and temperatures [109, 132, 150-152]. Using traditional DSC, the analysis of
crystallization kinetics at high supercooling is often impossible since the material may
crystallize during cooling to the target temperatures. The study of crystallization kinetics
over a wide range of crystallization temperatures using FSC and DSC together has shown
that there is a change of the primary crystal nucleation mechanism at different
crystallization temperatures in numerous polymer systems, such as PP, PCL, polybutylene
terephthalate (PBT), and several PA [105, 132, 134, 135, 141-143, 150, 153-157]. In
addition, nucleation kinetics have been studied using FSC [158-163]. FSC is one of the few
available techniques that can cool sufficiently fast to prevent heterogeneous nucleation and
enforce homogeneous nucleation. Previously, the study of homogeneous nucleation was
primarily observed in droplet experiments with slow cooling [164-167]. The use of FSC
can follow the growth of homogeneous nuclei to crystals until impingement in bulk
samples while only one homogeneously formed nucleus was commonly used in small

droplet experiments [141, 162, 163, 168].

In addition, understanding the effects of polymer processing operations on
morphology is important to predicting the final part properties. However, polymer
processing techniques often experience cooling rates that are several orders of magnitude
faster than rates available using conventional DSC [108, 110]. Because of the high cooling
rates experienced during polymer processing operations, metastable states far away from

equilibrium are often formed in polymers which are difficult to study with conventional
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characterization techniques [169]. The heating and cooling rates available to FSC make it
a suitable technique for examining polymer morphology resulting from processing

conditions [108, 110].

4.1.3 Key research objectives

The use of FSC to mimic thermal processing conditions can be extended to replicate
the conditions in MEX. Therefore, the objective of this research was to evaluate FSC as a
technique for replicating the conditions in MEX utilizing its high heating and cooling rates.
The effect of these heating and cooling rates on crystallization of semicrystalline polymers
was examined. PPS was used as a case study material and experimental results were
compared to previous work performed with PP. Based on the cooling rates modeled in
CHAPTER 3, it was hypothesized that the thermal exposure during the MEX process could

hinder the crystallization behavior of PPS.

4.2 Materials and methods

PPS in monofilament form with a diameter of 1.4 mm was used as the printing
feedstock and was dried in a cuum oven at 100 °C for 3 hrs. before printing. Printed samples
for examination with DSC were fabricated using the HYREL System 30 from HYREL

International, described in section 3.2.4 [91].
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4.2.1 Differential scanning calorimetry experiments

DSC samples were cut from the center of a 40 mm by 40 mm part with a height of
0.4 mm, fabricated with 100% rectilinear infill with a layer height of 0.2 mm. The build
platform was held at 80 °C, and the print temperature was 290 °C. The build area was

enclosed at room temperature.

DSC experiments were performed using a TA Instruments Discovery DSC. A
procedure based on ASTM E794 was used to determine the melting temperature and
percent crystallinity as defined in Equation 4.1. The sample was heated at 10 °C/min from
25 to 330 °C in a nitrogen environment. The sample was held isothermally for 5 min before

cooling to 25 °C at 10 °C/min. Samples were prepared in standard aluminum pans.

Annealing studies were also performed using conventional DSC at possible build
chamber temperatures for MEX to examine if isothermal crystallization could occur. The
sample was heated from 25 to 330 °C in a nitrogen environment and held isothermally for
5 min to ensure full melting. Next, it was cooled to the desired annealing temperature at a
rate of 85 °C/min (1.4 °C/s) and held isothermally for 5 min. The sample was then cooled
to 25 °C at a rate of 85 °C/min (1.4 °C/s) and heated to 330 °C at 10 °C/min to measure the
percent crystallinity developed in the sample using the melting enthalpy and Equation 4.1.
For PPS, the studied build chamber temperatures were 85, 90, and 95 °C. These
temperatures were selected to be at the onset, midpoint, and endset of the glass transition.
Additional higher temperatures, 100, 110, and 120 °C were also investigated based on the
results from the lower temperatures. The theoretical enthalpy of melting of 100%

crystalline PPS used in this work was 79.8 J/g [170].
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4.2.2 Fast scanning calorimetry experiments

FSC was performed on the commercially available Flash DSC 1 from Mettler
Toledo using MultiSTAR UFS 1 sensor chips made by Xensor Integration. The STARe
software version 10.00d was used for analysis. A razor blade microtome was used to cut a
thin slice of the PPS monofilament with a thickness of about 20 um. The slice was further
cut down to a small grain using a razor blade. A hair with a native tip was used to pick up
and transfer the PPS grain to the UFS1 sensor. The sample was then adhered to the chip by
heating to 350 °C at a rate of 50 °C/s. The mass of the sample was estimated by examining
the step height of the specific heat capacity at the glass transition for a completely

amorphous sample [171]. This value was used in Equation 4.2,

Ac
p.a
m= Ac, 4.2)

where Acp . is the step height of the specific heat capacity of the glass transition in J/°C for
a completely amorphous sample measured using FSC and Ac;, is the step height of the
specific heat capacity for amorphous PPS in J/°C-g. This value was determined using
equations for heat capacity as a function of temperature defined by Cheng et al.[172]. The

mass estimated from Equation 4.2 was 505 ng.

Before all subsequently described FSC procedures, a heating step of 50 °C/s,
isothermal hold of 2 seconds at 350 °C, and a cooling step of 4 °C/s to 30 °C were
performed in order to erase the thermal history of the material. After the procedures, the

same set of steps was performed and the melting behavior was analyzed to ensure the
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sample did not degrade during testing. Degradation of the sample would result in changes

in the melting temperature [171].

4.2.2.1 Critical heating rate to prevent reorganization

In order to determine the critical heating rate necessary to suppress reorganization
processes, cycles of heating above the melting temperature at increasing rates and cooling
back to room temperature at a constant rate were performed. The temperature range used
for PPS was 30 °C to 350 °C. A sufficiently low cooling rate was used in order to ensure
crystallization of the material. For PPS, the cooling rate used was 4 °C/s. The heating rates
examined were 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 4000,
and 5000 °C/s. Isothermal periods of 2 seconds were used between each heating and
cooling step. The melting peak temperature for each heating rate was recorded to determine
at what heating rate reorganization processes were suppressed. Reorganization processes
lead to increases in melting temperature [105, 108]. Therefore, with increasing heating
rates, the melting temperature is expected to decrease until the critical heating rate is
reached where all reorganization is prevented [105, 106, 108, 111]. As heating rate
continues to increase, increases in the melting temperature are again observed as thermal

lag in the material increases at very high heating rates [105, 106].

4.2.2.2 Critical cooling rate to prevent crystallization

The critical cooling rate for prevention of crystallization in a semicrystalline

material was determined using the critical heating rate to suppress reorganization
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processes. Cycles of heating above melt temperature at the critical heating rate and cooling
back to room temperature at increasing rates were performed. The same temperature range
used when determining the critical heating rate was utilized for critical cooling rate
examination. The cooling rates examined with PPS were 1, 2, 3,4,5,6, 7,8, 9, 10, 20, 30,
40, 50, 60, 70, 80, 90, and 100 °C/s. The critical cooling rate for prevention of
crystallization of the material was determined by observing the melting peak. The enthalpy
of melting decreased as percent crystallinity decreased and disappeared when an entirely
amorphous material was achieved with sufficiently high cooling rate. Depending on the
material, different cooling rates than those examined with PPS may be required to achieve

an amorphous material.

4.2.2.3 Annealing studies at possible build chamber temperatures

Annealing studies on FSC were performed at possible build chamber temperatures
for MEX, similar to the studies performed with conventional DSC. In these tests, the
sample was heated above the melting temperature at the critical heating rate, held
isothermally for 5 seconds, cooled at the critical cooling rate to the annealing temperature,
and held at that temperature for 5 minutes. The sample was then cooled to room
temperature at the critical cooling rate and then heated above melting temperature again at
the critical heating rate to examine the crystallinity developed during annealing. The

temperatures examined for PPS were 85, 90, 95, 100, 110, and 120 °C.
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4.2.2.4 Thermal cycling in MEX

The effect of heating and cooling cycles experienced during MEX on the
crystallinity of PPS was examined using FSC. During MEX part fabrication, the successive
deposition of material reheats previously deposited roads and layers. Thermal cycling was
performed on the sample at a heating and cooling rate of 740 °C/s, the cooling rate
estimated during MEX of PPS in CHAPTER 3 [49]. Multiple heating and cooling cycles
were completed for four temperatures chosen below the print temperature of PPS: 240,
200, 160 and 120 °C. Decreasing temperatures were chosen to mimic the reheating of
previously deposited layers that decreased in intensity as the nozzle moved further away
from the base layer as the part height increased. A cycle consisted of heating from 100 °C
to the chosen temperature at 740 °C/s. The sample was held isothermally for 0.1 seconds
and then cooled back to 100 °C at 740 °C/s and held isothermally for 0.5 seconds. The
temperature profile applied to the sample during a run with n cycles at each temperature is
shown in Figure 4.1. Multiple cycles were performed at each temperature to mimic the
nozzle passing by a point multiple times as additional roads were deposited within the same
layer. Tests were performed with 10, 20, 30, 40 and 50 cycles at each temperature. After
the completion of the cyclic heating, the sample was then cooled to room temperature at
the critical cooling rate and then heated above melting temperature at the critical heating

rate to examine the crystallinity developed during the heating and cooling cycles.
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Figure 4.1: Temperature profile applied to the sample during FSC to mimic heating and
cooling cycles experienced during FSC fabrication of PPS. Tests were performed with 10,
20, 30, 40 and 50 cycles at each temperature.

4.3 Results and Discussion

4.3.1 Differential scanning calorimetry

DSC was performed on the PPS part fabricated with MEX and the resulting curve
is shown in Figure 4.2. An exothermic peak between the glass transition temperature (90
°C) and the melting temperature (279 °C) was observed during the heating curve. This
exothermic peak, located at 134 °C with an enthalpy of 25.9 + 0.8 J/g, showed that cold
crystallization occurred in the MEX sample while it was heated at 10 °C/min during the

testing. Therefore, the percent crystallinity obtained from the melt enthalpy was not

reflective of the as-processed material. The percent crystallinity of the original sample was
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estimated by subtracting the enthalpy of the cold crystallization peak from the melt
enthalpy, resulting in a percent crystallinity of 15.1 + 1.2%. However, this estimation
generally underestimates the amount of crystallinity formed during cold crystallization
because the enthalpy of melting of the 100% crystalline material is measured at the
equilibrium melting temperature, while the enthalpy of crystallization is expected to be
lower at lower temperatures [106]. As a result, the actual percent crystallinity of the PPS
MEX part was likely lower than 15%. During the subsequent cooling cycle, an exothermic

peak, representative of melt crystallization, was observed at 211 °C.
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Figure 4.2: Heat flow data for a printed PPS part performed at a heating and cooling rate
of 10 °C/min. Cold crystallization was observed during heating and is shown on the heating
curve with a peak at 134 °C.
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Annealing studies were performed using conventional DSC at possible build
chamber temperatures for MEX. Figure 4.3 shows the cold crystallization peaks observed
upon heating after annealing at the chosen temperatures, Ta. Table 4.2 gives their enthalpy
values and the percent crystallinity for the samples calculated using Equation 4.1. During
the 5 min annealing time for 85, 90, and 95 °C, no crystallization peak was observed. In
addition, during the subsequent heating step above the melting temperature, a cold
crystallization peak was observed. The enthalpy of the cold crystallization peak was similar
for annealing temperatures of 85, 90, and 95 °C. A representative peak is shown in Figure
4.3. This cold crystallization peak observed after the isothermal treatment was smaller than
the cold crystallization peak observed for an as-printed sample. The reduction of the cold
crystallization peak implied that more crystallinity was developed in the sample compared
to the as printed part. However, since no crystallization peak was observed during the
annealing step, it was assumed that most of the crystallinity developed in the sample during

the cooling from melt to the annealing temperature at a rate of 85 °C/min (1.4 °C/s).

Since little or no crystallinity occurred during the isothermal steps at 85, 90, or 95
°C, additional higher temperatures, 100, 110, and 120 °C, were investigated. At annealing
temperatures 100 °C and 110 °C, no exothermic crystallization peak was observed during
the annealing step, similar to the results seen at the lower temperatures. The cold
crystallization peak seen upon heating after the isothermal treatment had an enthalpy
similar to that observed at lower temperatures. A representative peak is shown in Figure
4.3. Isothermal tests performed at 120 °C yielded different results than the lower
temperatures. At an annealing temperature of 120 °C, the end of an exothermic peak was

observed at the beginning of the 5 min isothermal hold, suggesting that crystallinity was
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able to develop at 120 °C. In addition, the cold crystallization peak observed upon heating
had the smallest enthalpy value, 9.0 £ 0.3 J/g, of any of the studied annealing temperatures.

This peak and the percent crystallinity of the samples are given in Figure 4.3 and Table

4.2, respectively.
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Figure 4.3: Cold crystallization peaks for as printed PPS compared to samples annealed at
95, 110, and 120 °C. Samples annealed at 85 and 90 °C behaved similarly to those annealed
at 95 °C and samples annealed at 100 °C showed the same behavior as those annealed at
110 °C. Decreasing cold crystallization peaks indicated higher levels of crystallinity.
Annealing at 120 °C showed crystallization occurring while lower temperatures only

developed crystallinity during cooling from melt to the isothermal temperature at a rate of
85 °C/min (1.4 °C/s).
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Table 4.2: Cold crystallization and melting peak and enthalpy values for PPS MEX parts
as printed and after exposure to elevated annealing temperatures (Ta).

Tc, cold Tm Total CryStalhnlty
T, [°C] crystallinity | “ithout cold
a Peak Enthalpy Peak Enthalpy y o y crystallization
[°C] [V/g] [°C] [V/g] 7] %]
As 134+ 280 +
orinted | 04 |259%08| ST | 380206 | 47608 | 15112
85 1(3)6; 15.5+0.8 23(); 373409 | 467+1.1 | 272+0.8
90 lf’)ﬂi 15.6 < 0.7 220; 384404 | 481404 | 285+05
95 1(3)511 15.6 < 0.3 2go4i 383404 | 480405 | 28.4+0.4
100 1(3)511 14.3 +0.7 220; 388402 | 487402 | 30.7+07
110 1(3)511 14.8 < 0.6 2801i 39.0402 | 489402 | 303=0.6
+ +
120 1352 9.04023 2313 390401 | 490+01 | 37.7+04

4.3.2 Fast scanning calorimetry

The slow heating and cooling rates available to DSC prevented it from effectively
studying the target annealing temperatures relevant to the MEX process and reorganization
processes also affected its accuracy measuring crystallinity. The fast heating rates available
with FSC were utilized to suppress reorganization phenomena, notably cold crystallization,
that were observed in conventional DSC tests. Figure 4.4 shows the heating cycles
performed on a PPS sample with heating rates from 50 to 5,000 °C/s and a constant cooling
rate of 4 °C/s. It is worth noting that the slowest heating rate used in these experiments was
300 times faster than the heating rate used in the conventional DSC tests in order to

suppress the reorganization phenomena observed in conventional DSC. The melting
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temperatures observed for each heating rate are shown in Figure 4.5. The initial decrease
in melting peak from 259 to 254 °C resulted from the suppression of reorganization
processes at 300 °C/s. The subsequent increase in melting peak to 262 °C starting at 2000
°C/s was assumed to result from thermal lag [105, 116, 171]. The melting temperature of
PPS measured with FSC (254 °C) was lower than the melting temperature measured with
conventional DSC (279 °C) likely because of the suppression of reorganization behavior
using FSC. In addition, the use of a faster cooling rate in FSC may have resulted in the
formation of thinner crystals, which could also result in a decreased melting temperature

compared to conventional DSC [117].
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Figure 4.4: Heating rates ranging from 50 to 5,000 °C/s were used on FSC to determine the
critical heating rate to prevent reorganization processes. The initial decrease in melting
peak (X) resulted from the suppression of reorganization processes at 300 °C/s. The
subsequent increase in melting peak starting at 2000 °C/s was the result of thermal lag.
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Figure 4.5: Peak melting temperatures of PPS measured using FSC at different heating
rates. The initial decrease in melting peak resulted from the suppression of reorganization
processes at 300 °C/s while the subsequent increase starting at 2000 °C/s was the result of
thermal lag.

Following the determination of the critical heating rate, the critical cooling rate
required to suppress crystallization was determined by running a series of heating and
cooling cycles at the critical heating rate, 300 °C/s, and a range of cooling rates, 3. The
explored cooling rates ranged from 1 to 100 °C/s, and the heating cycles following the
cooling at those rates are given in Figure 4.6. The critical cooling rate to prevent
crystallization in the sample was determined to be 40 °C/s. Figure 6 shows that increasing
the cooling rate decreased the melting enthalpy, indicating a decrease in percent
crystallinity. Heat flow data for cooling rates of 1-10, 20, and 30 °C/s showed measurable
melting peaks while data for higher cooling rates, 40 — 100 °C/s, did not show any melting
peaks. The critical cooling rate of 40 °C/s was over 28 times faster than the fastest cooling

rate attained by conventional DSC (85 °C/min, 1.4 °C/s) when investigating annealing.
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These results supported the earlier conclusion that crystallization was occurring during

cooling in conventional DSC annealing studies.

In addition, the glass transition was affected by the cooling rate. The amorphous
portion of the sample that contributed to the glass transition decreased with decreasing
cooling rates as the sample was able to crystallize more at slower rates. The decrease in
amorphous portion contributing to the glass transition resulted in a broad and small glass
transition step. As the cooling rate was increased, the sample became increasingly
amorphous, resulting in a larger step as more of the sample was able to relax during this
transition. Moreover, crystals formed in the semicrystalline samples hinder the mobility of
the amorphous chains in between crystalline regions, resulting in increased glass transition
temperature. Therefore, as crystallinity decreased, the onset of glass transition decreased
as the amorphous phase had more mobility with less crystallinity present. Increased
enthalpic relaxation, shown as the peak before the endset of glass transition, was seen at
the highest cooling rates as polymer chains were immobilized in less enthalpic favorable

positions at these rates.

86



0.5 mW

T Increasing f3

40 80 120 160 200 240 280 320

Temperature [°C]

Figure 4.6: Heating curves performed after cooling from melt at a range of cooling rates
showed decreasing melting enthalpies with increasing cooling rate. Less crystallinity
formed in the material during cooling resulted in a decrease in glass transition temperature
onset and a decrease in melting enthalpy. At cooling rates between 40 and 100 °C/s, no
crystallinity was formed in the material and no melting peak was observed.
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With the critical heating rate to prevent reorganization and the critical cooling rate
to prevent crystallization determined, FSC was used to examine crystallization behavior at
possible elevated build chamber temperatures for MEX. In these tests, samples were heated
above melt at the critical heating rate and cooled to the annealing temperature at the critical
cooling rate and held isothermally for 5 min. The sample was again heated above melt at
the critical heating rate and these curves are shown in Figure 4.7. Figure 4.7 shows that
only annealing at 120 °C resulted in a semicrystalline sample, which agreed with annealing
studies performed on conventional DSC. The melting peak was located at 247 °C, which
is lower than the melting temperature recorded during the critical heating rate

measurements due to the lower temperature at which the material crystallized.
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Figure 4.7: Heating curves performed at the critical heating rate (300 °C/s) after annealing
at possible build chamber temperatures, 85, 90, 95, 100, 110, and 120 °C. The only sample
showing a melting peak was annealed at 120 °C. The inability of the other samples to
crystallize support the presence of a RAF. The peak around 128 °C that increased with
decreasing annealing temperature shown in the inset image resulted from the relaxation of
increasing RAF as the sample was annealed at lower temperatures.
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The effect of low annealing temperatures on the glass transition temperature is
shown in the inset image in Figure 4.7. Samples annealed at 120, 110, and 100 °C had
similar onset glass transition temperatures around 103.8 + 0.3°C. The onset glass transition
temperature then increased with decreasing annealing temperature, having values of 108,
112, and 114 °C for isothermal temperatures of 95, 90, and 85 °C, respectively. Previous
work has shown an increase in onset glass transition for PPS annealed at low temperatures
due to increases in the rigid amorphous fraction (RAF) [172-176]. RAF is a fraction of the
amorphous phase that couples the crystalline regions to amorphous regions. It does not
become mobile at the glass transition temperature and instead relaxes between glass
transition and melt. The RAF has molecular mobility ranging from the mobile amorphous
phase to crystalline phase. Crystals formed at lower crystallization temperatures are less
perfect and the interface regularity decreases with decreasing crystallization temperature.
The increased interface irregularity leads to an increase in RAF with decreasing
crystallization temperature as the RAF exists at the boundary between crystals and the
mobile amorphous phase. The increase in the portion of RAF results in an increase in glass
transition onset as fewer amorphous chains are mobile to participate in glass transition
because the existence of RAF hinders molecular motion at the glass transition [172-174].

This work was consistent with the results seen in Figure 4.7.

In addition to changes in onset temperature, the enthalpic relaxation observed
during glass transition was affected by the annealing temperature. The highest annealing
temperatures of 120 and 110 °C exhibited the smallest amount of enthalpic relaxation. As
the annealing temperature decreased, a peak near 128 °C associated with enthalpic

relaxation became more pronounced. Enthalpic relaxation has been shown to increase with

90



decreasing annealing temperatures as stresses between mobile amorphous chains and the

RAF increase [172-175].

The determined critical cooling rate of 40 °C/s for PPS was slower than measured
and simulated cooling rates for MEX reported in previous studies [40, 49, 77, 84, 104].
Samples cooled at the higher rates associated with MEX would result in completely
amorphous samples in FSC. Conventional DSC analysis on as printed parts showed very
little crystallinity (15%), which agreed with FSC results indicating a critical cooling rate
slower than MEX cooling rates. The crystallinity that was shown in MEX parts could be
the result of underestimation of the contribution of the cold crystallization to the melting
enthalpy [106] or the result of thermal cycling experienced during the MEX build process
[15, 79, 102, 103]. Thermal cycling above 120 °C, where crystallinity has been shown to
develop using conventional DSC and FSC, could increase the crystallinity of the

amorphous material.

Thermal cycling studies were also performed using FSC to mimic the cycles of
heating and cooling that occur during MEX fabrication as successive roads and layers are
additively deposited causing the reheating of previously deposited material. Heating and
cooling was performed at a rate of 740 °C/s from 100 ° C to four chosen temperatures: 240,
200, 160 and 120 °C. Runs with 10, 20, 30, 40 and 50 cycles at each temperature were
performed according to the temperature profile shown in Figure 4.1. After the thermal
cycling, the sample was heated above the melt temperature at the critical heating rate, 300

°C/s. These curves are shown in Figure 4.8.
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Figure 4.8: Heating curves performed at the critical heating rate (300 °C/s) after thermal
cycling for 10, 20, 30, 40, and 50 cycles of four temperatures, 240, 200, 160, and 120 °C.
The heating curves showed increases in onset of glass transition, increases in the RAF
transition at 184 °C, increases in reorganization processes around 220 °C, and increases in
melt enthalpy at 256 °C with increasing number of heating and cooling cycles.

92



The heating curves in Figure 4.8 showed increases in the enthalpy of melting at 256
°C with increasing heating and cooling cycles. The percent crystallinity for each curve was
calculated and plotted with respect to cycles in Figure 4.9. The percent crystallinity
increased to 11% after 50 heating and cooling cycles at each temperature. In addition,
increasing the number of cycles increased the transition at 184 °C and the endothermic
peak at 220 °C and also increased the onset of glass transition. The transition at 184 °C was
attributed to the relaxation of the RAF and the peak at 220 °C was due to reorganization
phenomena that resulted from the relaxation of the RAF. RAF increased with increasing
heating and cooling cycles because with the development of more crystalline regions, a
higher content of RAF was needed to couple the crystalline regions to the mobile
amorphous regions [172-176]. In addition, the increase in RAF inhibited molecular motion
at glass transition and decreased the number of mobile chains available to participate,

resulting in an increased glass transition onset.
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Figure 4.9: Thermal cycling performed to mimic the temperature exposure of MEX
resulted in increasing percent crystallinity of PPS with increasing heating and cooling
cycles.

The effect of cyclic heating at the four studied temperatures was examined in the
50-cycle test by performing a heating run after cycling to each of the temperatures. The
resulting heating curves are shown in Figure 4.10 along with the temperature profile that

indicates where each heating curve was performed.
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Figure 4.10: Heating performed at various points, shown by the inset temperature profile,
during the 50 heating and cooling cycle run. The melting peak at 257 °C measured after 50
cycles to 240 °C (a) indicated the development of crystallinity. The increase in the melting
peak after cycling to 200 °C (b) indicated increases in crystallinity. The development of a
peak at 220 °C was attributed to reorganization with relaxation of increased RAF which
also increased the onset of glass transition after cycling to 200 °C (b). Cycling to 160 °C
(c) resulted in the formation of RAF in less energetically favorable configurations as shown
by the development of a separate glass transition at 185 °C. Cycling to 120 °C (d) did not
result in the development of any new transitions.
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Cycling to 240 °C developed crystallinity in the sample and resulted in a melting
peak at 256 °C in Figure 4.10. Subsequent cycling to 200 °C increased the crystallinity in
the sample that led to a larger melting peak at 256 °C. In addition, the onset of glass
transition increased as a result of increasing RAF. The new peak observed at 210 °C was
attributed to reorganization behavior resulting from the increased RAF content. With the
increased crystalline regions, RAF increased in order to couple the crystalline regions to
mobile amorphous regions. The increase in RAF led to an increased onset of glass
transition, as fewer amorphous chains were mobile at that temperature to participate in the
transition. Fast heating rates available with FSC allowed reorganization phenomena to be
suppressed resulting in the direct measurement of a glass transition of RAF observed at
210 °C. Cycling to lower temperatures at 160 and 120 °C resulted in RAF regions with
increased strains due to the lower mobility present at lower crystallization temperatures.
The lower mobility available resulted in the formation of RAF in less energetically
favorable configurations [177, 178]. The increased strains present in RAF regions
developed at lower crystallization temperatures resulted in a separate glass transition for
RAF at 185 °C connected to enthalpy recovery following structural relaxation of the RAF.
The observation of a separate transition associated with RAF relaxation has been observed
in previous work using modulated DSC [177-179]. However, a separate glass transition for
RAF cannot typically be directly identified using conventional DSC because of the
reorganization phenomena, such as recrystallization, that occur with the relaxation of RAF
[180]. While reorganization behavior at 220 °C still followed the RAF glass transition at

185 °C, fast heating rates available with FSC allowed reorganization phenomena to be
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separated resulting in the direct measurement of a glass transition of RAF observed at 185

°C.

FSC was used to examine the crystallization behavior of PPS at heating and cooling
rates associated with MEX. Observed crystallization behavior demonstrated the influence
of RAF in PPS on its behavior during annealing at potential build chamber temperatures
for MEX and during thermal cycling inherent to the MEX fabrication process.
Crystallization did not occur at temperatures below 120 °C, which was 30 °C above the
midpoint of glass transition at 90 °C. The RAF prevented the formation of crystallinity at
these temperatures resulting in increased stability. This added stability could be
advantageous when selecting an elevated build chamber temperature for MEX. Previous
work has shown the importance of temperature history on bond formation and the resulting
mechanical properties of MEX parts [15-17, 77, 79, 81, 83, 84, 86, 101, 102]. A higher
build chamber temperature would result in increased time above glass transition
temperature leading to increased bonding and increased mechanical properties. In addition,
higher build chamber temperatures would reduce cooling rates in MEX, which would
reduce thermal gradients responsible for residual stresses and strains. Reduction in residual
stresses could lead to reduced warpage in the parts. However, reduced cooling rates could
also decrease dimensional stability in the part through increased drooping and sagging in
the deposited roads. The effect of the temperature history imposed on the part during MEX
fabrication was demonstrated through thermal cycling studies that showed the reheating of
the part during successive deposition of new roads and layers could increase the
crystallinity and RAF of the part. Increases in crystallinity are typically associated with

increases in mechanical properties [181]. However, in MEX parts, this increase in
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crystallinity could also lead to increased part warpage through shrinkage. Increased
mechanical properties accompanied by losses in dimensional accuracy are two competing
factors to be considered when assessing the thermal environment experienced by
semicrystalline polymers in MEX. In addition, because of the role of the RAF in coupling
crystalline regions to amorphous regions in semicrystalline polymers, increases in RAF
have also been shown to affect the mechanical properties of semicrystalline materials

[177].

4.3.3 FSC of PPS compared to work with PP

Experimental comparison of PPS to PP has shown that PP exhibits significantly
more warpage than PPS. Simulated thermal gradients and cooling rates experienced in PPS
were shown to be larger than those experienced by PP in the process simulation models
developed in CHAPTER 3. The process simulation models determined that CTE was the
material property that had the largest influence on the warpage behavior modeled by the
process simulation models; however, the simulations did not explicitly capture

crystallization behavior of the two materials.

Printed PP parts exhibited a percent crystallinity of 39%, which was larger than the
15 % shown by PPS samples. PP has been extensively studied using FSC to investigate its
crystal morphology, which has been shown to be highly dependent on cooling rate and
annealing conditions [108, 109, 144, 151, 153-157, 182]. The critical cooling rate for PP

determined from these studies was 1000 °C/s. This cooling rate is faster than the cooling

rate of 392 °C/s simulated by Watanabe et al. [40]. Because the cooling rates experienced
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during MEX fabrication of PP are not sufficiently large to prevent crystallization, PP parts
crystallize during fabrication, leading to increased shrinkage and warping. By
understanding the cooling rates in the MEX process and comparing them to the critical
cooling rates that prevent crystallization, the warpage behavior of semicrystalline MEX

materials can be predicted.

4.4 Conclusions

In this chapter, FSC has been used to understand the effect of thermal exposures on
semicrystalline polymers used in MEX. The shift of MEX from a prototyping method to a
manufacturing strategy has necessitated understanding how to control the resulting part
performance. FSC was shown in this work to capture aspects of the MEX process such as
the high cooling rates and the successive heating and cooling cycles that occur during the
additive build process. FSC was able to mimic this cyclic heating and cooling and show
the evolution of crystallinity in an MEX part based on thermal variables from process
simulation models. The use of fast heating rates in FSC also showed the presence of a RAF
in PPS. This structure is likely present in printed parts because of the repeated exposure to
low crystallization temperatures. The use of FSC provided a method to investigate the
effects of high heating and cooling rates and thermal cycling experienced during MEX on

crystallization behavior.

99



CHAPTERSS. INTERLAYER BONDING IMPROVEMENT OF

MEX PARTS USING THE TAGUCHI METHOD?

5.1 Background

5.1.1 Material extrusion process parameters

MEX is a complex process with many settings, or process parameters, that affect
the quality of the produced part. MEX process parameters can be grouped into two
categories: deposition strategy and thermal management variables. Deposition strategy
variables dictate how the part is additively realized. Figure 5.1 and Figure 5.2 show several
deposition strategy variables. Additionally, commonly used MEX deposition strategy

variables are described below [20].

e Deposition or build orientation is the way in which the MEX part is oriented on the
build platform with respect to the X, Y, and Z-axes. Three common deposition
orientations are shown in Figure 5.1.

e Layer thickness is the thickness of the layer or slices deposited by the MEX nozzle.
For MEX, the layer thickness typically varies between 0.1 mm and 0.4 mm [1].

e Air gap, or wire width compensation, is the gap between adjacent rasters on the same

layer. The air gap is shown in Figure 5.2.

§ Parts of this chapter have been taken/adapted from author’s publication — [21] E. R. Fitzharris, I. Watt, D.
W. Rosen, and M. L. Shofner, "Interlayer bonding improvement of material extrusion parts with
polyphenylene sulfide using the Taguchi method," Additive Manufacturing, vol. 24, pp. 287-297, 12/01/2018.
https://doi.org/10.1016/j.addma.2018.10.003
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Raster angle is the angle between the raster pattern and the X-axis of the MEX part.
The raster angle is shown in Figure 5.2 and can vary from 0° to 90°.
Cross-hatching refers to the rotation of the raster angle by 90° after each layer, which
creates a crosshatch effect. This setting is turned either on or off.
Raster width is the width of the deposited material in each raster that make up a layer.
The values of raster width used in MEX depend on the size of the MEX nozzle.
Infill pattern is the tool path used when depositing the rasters. There are a variety of
infill patterns available. In Figure 5.2, the infill pattern used is a rectilinear infill
pattern.
Infill density is the percent of the total part layer occupied by the raster fill pattern.
Contours, or perimeters, are roads deposited around the outside of the MEX part
shown in Figure 5.2.
Contour width is the width of the deposited material in a contour.
Contour depth refers to the number of contours used in the MEX part or the distance
they occupy from the outside of the part. This is shown in Figure 5.2.
Deposition speed is the velocity of the print head during road deposition.
Deposition style, or build style, refers to the way in which a part is filled. In general,
deposition style can be characterized by the density of the infill pattern as follows:

o “Solid” fills the interior of the MEX part completely.

o “Sparse” leaves gaps between the rasters to minimize the material used and the

build time. It typically utilizes unidirectional rasters.

101



o “Sparse double dense” reduces the material used and build time similarly to the
“Sparse” deposition style, but uses a crosshatch raster pattern instead of
unidirectional rasters.

Support style refers to how the support structures are deposited to prevent
overhanging areas of the MEX part from collapsing during fabrication. Not all MEX
machines are designed to fabricate support structures. Some common types of support
styles are described below:
o “Basic” refers to the standard support style in which all MEX part features are
supported with small support raster curves.
o “Sparse” is a support style in which support material volume is reduced.
o The “Surround” support style builds support structures around small areas of
the MEX part.
o The “Break-away” support style is similar to sparse, but the raster patterns are
specifically designed in discrete boxes so it is easier to remove than the other

support styles.

102



Build direction

y-direction
(flat)

Figure 5.1: Deposition orientation of a D638 Type V dogbone
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Figure 5.2: Tool path for a D638 Type V dogbone fabricated with in the y-direction build
orientation with a raster and contour width of 0.5 mm. The dogbone had 3 contours, a
rectilinear infill pattern with 100% infill density, a raster angle of 45°, and an air gap of -
15% (a). The tool path is magnified to show various MEX process parameters (b).
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While deposition strategy variables describe how the MEX part is additively
realized, thermal management variables control the thermal exposure experienced by the
part during fabrication. The three main MEX thermal management variables are: print
temperature, build platform temperature, and build chamber temperature. The print
temperature is the temperature at which the material is extruded through the MEX nozzle.
The build platform temperature is the temperature of the surface on which MEX parts are
fabricated and the build chamber temperature is the temperature of the enclosed space that
houses the part during fabrication. While fabricating parts in an elevated temperature build
chamber could improve MEX part quality by decreasing thermal gradients and increasing
time above Tj to increase bonding between layers, only high end systems have the ability

to control the chamber temperature [9].

5.1.2 Robust design through design of experiments techniques

As described in section 2.2, MEX process parameters influence the orientation of
roads and layers and also affect the thermally driven bonding process. Therefore, the proper
selection of MEX process parameters is essential to the success of the MEX process and
the resulting part quality [20]. Various design of experiment (DOE) methods or robust
design methods have been used to examine the effect of different design parameters on
overall product quality and reliability [183]. Robust design is a design insensitive to
variations that has been developed to improve product quality and reliability [183]. A DOE
method commonly used in engineering fields is the Taguchi method [184]. The Taguchi

method provides a systematic and efficient approach for design optimization that offers
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several advantages such as the simplification of the experimental plan [185-187]. This
simplification leads to a reduction in both time and cost of production of parts and greatly

reduces the product development cycle time in product design and production [186-188].

The Taguchi method can be divided into three main stages: system design,
parameter design, and tolerance design [189-191]. The general procedure is shown in
Figure 5.3 [188]. In system design, the system configuration is developed and suitable
working levels are determined for the design factors of interest. In the parameter design
stage, the design factors or parameters are optimized in order to meet the quality
requirements of the product. In this optimization process, the factors that reduce the
product’s sensitivity to noise are identified so that the robustness can be enhanced. The
steps included in the parameter design stage are: selecting the proper orthogonal array
according to the number of control factors or parameters, performing the experiments based
on the orthogonal array, identifying the optimum condition for the control factors,
analyzing the data, and performing confirmation runs with the optimum levels of the
control factors. The parameter design phase examines two types of factors: control factors
and noise factors. Control factors are parameters that are set and held at specific values or
levels, while noise factors are parameters that cannot be easily controlled, such as

environmental conditions [183, 184, 188, 192, 193].

During the parameter design stage, experiments are performed based on the
selected orthogonal array. An orthogonal array is a subset of control parameter
combinations that can be statistically analyzed to determine which control parameters are
significant to the design output. The orthogonal array defines the experimental space to be

tested. For each experiment, control factors are held at specific levels while the noise
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factors cannot be controlled. For each control factor experiment, a response is obtained and
the mean and variance of the responses are then calculated with the goal of reducing the
influence of the noise parameters. The measured mean and variance of the responses are
used to calculated the performance characteristic used by the Taguchi method known as
Signal-to-Noise (S/N) ratio. Taguchi proposed different S/N measures depending on the
design objective. The three S/N ratio characteristic types are known as “nominal is best”,
“smaller is better”, and “larger is better”. When a specific target value for the response is
known, the “nominal is best” S/N ratio is used. When the design objective is to minimize
or maximize the response, the “smaller is better” or “larger is better” S/N ratios are used,
respectively. The equations for the three characteristic type S/N ratios are given in Table
5.1 as Equation 5.1, 5.2, and 5.3, where 5 is the S/N ratio, n is the total number of
experiments, 9 is the response target value, and y; is the response for the i experiment

[183, 193].

Table 5.1: Signal-to-Noise (S/N) ratio equations used in the Taguchi method

Characteristic type S/N ratio equation
n
1

Nominal is best n = —10log ;Z(Yi - 9)? (5.1)
i=1
PR

Smaller is better n = —10log —Z y? (5.2)
_n i=1 i
=l

. 1 1

Larger is better n = —10log —Z—Z (5.3)

_n i=1 yl i
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Analysis of variance (ANOVA) is also used in the parameter design phase to
determine which control parameters are statistically significant to the design output. With
this analysis, the optimum control parameter combination can be determined for a specific
process. Finally, a confirmation run is conducted to validate the optimal control parameters
obtained from the ANOVA [183, 186-188, 192]. In the last stage of the Taguchi method,
the tolerance design stage, the allowable deviations in the parameter values are specified
so that the optimum levels of the control factors obtained in the second stage can be fine-

tuned [183, 184, 188, 192, 193].

System

) Determination of suitable working levels of the design parameters
design

Parameter 1. Select appropriate orthogonal array
1 2. Conduct experiments
design p

3. Identify optimum condition (S/N ratio analysis)
4. Analyze data (ANOVA)

5. Perform confrimation runs

Tolerance Tighten the tolerance of the significant parameters determined in the
desi gn parameter design.

Figure 5.3: The Taguchi method is made up of a 3-phase iterative approach. Based on the
results of the parameter design phase, the tolerances of the significant parameters may be
tightened. Following the modification of the parameter levels, the parameter design phase
can be performed again until the desired robustness is achieved.
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Several studies that utilized the Taguchi method to examine the effect of MEX
process parameters on part quality have been conducted with ABS and PLA. These studies
have optimized MEX part surface roughness, mechanical properties, and dimensional

accuracy by examining a variety of process parameters [13, 14, 26, 185, 186, 194-199].

Optimization studies on dimensional accuracy and surface roughness commonly
examined the effects of layer thickness, deposition orientation, raster angle, deposition
speed, air gap, and contours [14, 185, 195-199]. For dimensional accuracy, layer thickness,
deposition orientation, raster angle, contour width, and air gap were significant parameters.
Wang et al. and Sood et al. both concluded that a flat build orientation yielded the best
dimensional accuracy [14, 197]. In addition, Chang and Huang showed that increasing
contour width increased dimensional accuracy [198]. However, other studies had
conflicting findings on how layer thickness, raster angle, and air gap affected the
dimensional accuracy [195, 196, 199]. Concerning surface roughness, a small layer
thickness was determined to be the most significant parameter that resulted in a low surface

roughness [14, 185].

5.1.3  Use of the Taguchi method with MEX

Several authors have investigated the effects of MEX process parameters on the
mechanical properties of MEX parts using the Taguchi method [13, 14, 26, 194]. These
studies showed that significant process parameters that affected the mechanical properties
of MEX parts included deposition orientation, layer thickness, infill density, and deposition

temperature. Flat deposition orientations that were tested in line with the deposited rasters
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yielded the best mechanical properties. In addition, larger layer thickness, higher infill
density, and higher deposition temperature resulted in improved mechanical properties.
Torres et al. also investigated the effect of heat-treatments on mechanical properties in
MEX parts. Long heat-treatment times were associated with an increase in strength, but a
loss in ductility, especially in low infill density parts. Therefore, short heat-treatment times

were suggested to improve strength while maintaining ductility [26].

Various post-processing methods have been used with different AM processes in
order to improve material property anisotropy and part quality of the produced parts. The
use of heat-treatments, or annealing, in polymers has been shown to reduce residual stresses
and strains, increase dimensional stability, reduce defects, and improve physical properties
[200]. Increases in bonding between amorphous polymer interfaces are driven by wetting
and inter-diffusion mechanisms [18, 19]. In addition, previous studies have shown that
amorphous polymers have the ability to crack heal and strengthen interface adhesion at
temperatures below their glass transition temperatures [201-203]. In semicrystalline
polymers, studies have shown that heat-treatments can change the crystal structure, the
degree of crystallinity, and the orientation of both crystalline and amorphous regions [200,
204-208]. Increases in crystallinity have been shown to improve various material properties
such as elastic modulus, yield strength, and thermal stability [181]. In addition, interfacial
bonding can be enhanced by mechanisms such as co-crystallization. Previous work has
shown that co-crystallization can reinforce polymer interfaces if some inter-diffusion of

chains occurs before crystallization [209].

Some studies have been conducted that show the benefits of post processing heat

treatments on MEX parts. Previous studies on ABS parts fabricated with MEX showed that
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toughness increased during post-processing heat-treatments above glass transition
temperature according to the time to the one-fourth power, consistent with polymer
diffusion mechanisms [81]. Torres et al. demonstrated that heat-treating PLA MEX parts
increased the tensile strength but resulted in a loss in ductility [26]. Wang et al. also showed
the benefits of heat-treating MEX parts produced with Polywax, a PE wax material [210].
MEX parts made with Polywax showed an increase in tensile strength, increase in
compressive strength, and decrease in porosity when heat-treated. Yang et al. showed that
various thermal processing conditions, including heat treatments, affected the crystallinity
of PEEK MEX parts [211]. Yang et al. showed that heat-treating semicrystalline polymers
increased their crystallinity, which could improve material properties. In addition, they
suggested that the improved material properties that resulted from heat-treating the parts
may also be a result of reduced residual stresses and reduced internal defects instead of just

a result of increased crystallinity.

Even though heat-treating parts produced with MEX could improve their material
properties, these methods have not been extensively investigated. With MEX, post-
processing heat-treatments could improve bonding between roads and layers, improve
overall material properties, and decrease the porosity present in produced parts [26, 210,
211]. PPS MEX parts were heat-treated to examine the phenomena specific to
semicrystalline polymers. Increases in crystallinity resulting from post-processing heat-

treatments of PPS could increase resulting MEX part properties.
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5.1.4 Key research objectives

The objective of this chapter was to use the Taguchi method to improve the
interlayer bonding of MEX parts fabricated with PPS. The control parameters of interest
included material dependent parameters such as print temperature, heat-treatment time, and
heat-treatment temperature. These parameters were selected due to their influence on the
thermally driven bonding process in MEX and it was hypothesized that control of the
thermal history in the MEX process could reduce disparities between bulk and MEX parts.
ASTM D638 Type V dogbones were fabricated and heat-treated at various conditions.
They were then mechanically characterized in order to determine the effects these control
parameters have on interlayer bonding. The effect of the heat-treatments on MEX part
crystallinity were investigated. These studies showed that post-processing heat-treatments
improved interlayer bonding in PPS parts printed using MEX. Similar studies were also

performed with an amorphous polymer, NORYL, as described in APPENDIX C.

5.2 Materials and Methods

5.2.1 Materials

PPS in monofilament with a diameter of 1.4 mm was used as the printing feedstock.
The properties of this material are given in Table 5.2. Glass transition temperature and
melting temperature were measured using DSC described in section 4.2.1 and the ultimate

tensile strength (UTS) and Young’s modulus were measured by mechanically testing a
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compression molded film described in section 5.2.4. Before printing, the filament was dried

in a vacuum oven at 100 °C for 3 hrs.

Table 5.2: Material properties of bulk PPS

Material Property Units Value
Density [170] g/cm’ 1.35
Tg (midpoint) °C 90

Tm °C 282
UTS MPa 76.6
Young’s modulus MPa 3180

5.2.2 Taguchi method

In order to examine the effects of the selected control parameters on the interlayer
bonding of PPS MEX parts, proper levels must be selected for each parameter in the system
design phase of the Taguchi method. Table 5.3 shows the three levels selected for each of
the three control parameters: print temperature, heat-treatment time, and heat-treatment
temperature. The print temperature range was determined by examining the viscosity of
PPS, shown in Equation 3.5 in section 3.2.2. It was hypothesized that the viscosity of ABS
at MEX conditions could be used as a benchmark to determine the printing temperature of
other materials used in MEX. The shear rate of the HYREL System 30 was estimated based
on Newtonian flow through a pipe according to Equation 5.4,

40

— (5.4)

]'/:
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where y is the shear rate, O is the volumetric flow rate, and r is the radius of the MEX
nozzle. The shear rate was determined to be 400 s™'. At the HYREL System 30 shear rate
and at the known printing temperature of ABS, ABS exhibited a viscosity of 500 Pa-s. This
viscosity value and the HYREL System 30 shear rate were used in Equation 3.5 to calculate

the theoretical print temperature of PPS of 288 °C. Based on this calculation, the print
temperature levels selected for Taguchi analysis were 290 °C, 300 °C and 310 °C because

higher print temperatures have been associated with increases in bonding and mechanical

properties in MEX parts as described in section 2.2 [17].

Heat-treatment times were defined as the amount of time the printed dogbone was
exposed to the heat-treatment temperature. Isothermal crystallization studies were
performed using DSC using a TA Instruments Discovery DSC to determine heat-treatment
time and temperature levels to be investigated. The sample was heated past melt and held
isothermally for 5 min to ensure full melting. It was then equilibrated at the desired
temperature and held isothermally for 5 min. The sample was then equilibrated at room
temperature and heated past the melting temperature at 10 °C/min to measure the percent
crystallinity developed in the sample. The percent crystallinity was calculated by

integrating the melting peak obtained from DSC and using the peak area in Equation 4.1.

Isothermal crystallization studies showed that PPS developed 48.1 + 1.1%
crystallinity in less than 5 minutes for temperatures from 120 °C to 220 °C. The selected
heat-treatment times were chosen to allow significant crystallization to occur at all times.
The selected heat-treatment times were also based on polymer chain diffusion studies that

showed the time scales necessary for polymer chains to diffuse across interfaces according
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to the reputation model [201]. These studies showed increases in interfacial bonding at
times from 2 min up to 4 days. The selected heat-treatment temperatures were chosen at
temperatures at which PPS would experience cold crystallization. Room temperature was
also chosen as a heat-treatment temperature to act as a control experiment. The effect of

time on samples heat-treated at room temperature was not expected to be significant.

Table 5.3: Control parameters and levels for Taguchi analysis of PPS

Control Parameter Level
1 2 3
Print temperature (A) 290 °C 300 °C | 310 °C
Heat-treatment time (B) 10 min 100 min | 24 hrs.
Heat-treatment temperature (C) | Room temperature | 140 °C | 180 °C

Based on the number of control parameters of interest and their corresponding
levels, an Lo orthogonal array was used for the process optimization. The Lo array is a
fractional-factorial experiments matrix with nine trials developed by Taguchi. A fractional-
factorial experiments matrix uses a portion of the total possible combinations of the control
parameters to estimate the main control parameter effects [212]. The Lo array given in
Table 5.4 details the levels of each control parameter that were used in the performed

experiments.
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Table 5.4: Taguchi experimental plan using an Lo orthogonal array

Experiment | Parameter/level

number A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Following the experimental plan given in Table 5.4, three ASTM D638 Type V

dogbones were fabricated for each experiment number, resulting in 27 total dogbones.

The S/N ratio measures the sensitivity of the property being investigated to
uncontrollable external factors. In this study, the objective was to maximize the Young’s
modulus and UTS, therefore the “larger is better” S/N ratio equation was used given in
Equation 5.3 [183, 193]. The optimum control parameter condition for each design output
was determined by maximizing the average S/N ratio for each parameter. Additional
experiments were performed to confirm that the optimum control parameter condition for

each design output resulted in a maximized value.

Following the S/N ratio analysis, ANOVA was performed for each design output
to determine which control parameter(s) were significant to each design output. The data
were analyzed in MATLAB using the “anovan” function for multi-way ANOVA. ANOVA

is based on the sum of the squares (SS), degrees of freedom (DOF), variance of each control
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parameter (Var;), and variance of the noise factors or experimental error (Vare). The F-

ratio, or variance ratio, was calculated using Equation 5.5.

F = Var;/Var, (5.5)

When the ratio becomes large enough, the variances were accepted to be unequal at some
confidence level. When the F ratio for a control parameter was large enough, that parameter
was considered statistically significant to the design output. This indicated that the
variation seen in the data was due to the changing control parameter and not due to the

error variation from noise factors.

The percent contribution of each control parameter (P;) and the error (P.) was

calculated according to Equation 5.6.

P = SS;/SS; (5.6)

where SS; is the sum of squares for a control parameter or the error and SSr is the total sum
of squares. The percent contribution due to error provided an estimate of the efficacy of
the process optimization. If the contribution due to error was less than 15%, the control
parameters were under precise control and no important parameters were excluded from
the analysis. Conversely, if the contribution from error was greater than 50%, this indicated
that important factors were overlooked or the control parameters were not adequately

controlled.
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5.2.3 MEX dogbone fabrication

The MEX AM machine used in this study was the HYREL System 30 from HYREL
International described in section 3.2.4 [91]. The HYREL System 30 was used to fabricate
ASTM D638 Type V dogbones using the PPS monofilament. An extrusion multiplier of
1.5 was used to accommodate the non-standard filament diameter of 1.4 mm. The dogbones
were fabricated at a print speed of 15 mm/s with a layer thickness of 0.2 mm, which were
standard settings for the printer hardware, and a 0.5 mm diameter nozzle was used. They
were fabricated in the upright z direction in order to characterize the interlayer bonding
strength, which has been shown to be the weakest interface in MEX parts. They were
constructed using a 90° raster angle with an infill density of 100%. The dogbones had a
rectilinear infill with no contours. Contours were not used so that road-to-road bonding
could be observed on the outside of the part. Additionally, eliminating contours in the
printed parts allowed changes in the interfaces with changing process parameters to be
studied more directly. The print temperature for the dogbones was chosen based on the
orthogonal array given in Table 5.4. Three dogbones were fabricated for each experiment

number given in the orthogonal array.

The heat-treatment protocol was started 24 hrs. after the dogbones were fabricated.
For the elevated temperature heat-treatments, the dogbones were placed inside a preheated
furnace at the specified heat-treatment temperature for the given heat-treatment time
according to the Taguchi experimental plan. Upon completion, the samples were removed
from the furnace and allowed to cool to room temperature for 30 minutes before mechanical

testing. Room temperature heat-treated samples were left at room temperature for their
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heat-treatment time plus an additional 30 min before testing to provide consistency

between the elevated temperature heat-treated samples.

5.2.4 Mechanical testing of MEX dogbones

Tensile testing was performed on an Instron® 5566 static tensile testing frame
using a 1 kN load cell with a rate of elongation of 2 mm/min. The Young’s modulus was
calculated from the initial slope of the stress vs. strain curves generated from this testing.
The UTS was calculated using the maximum load experienced during testing and the cross

sectional area of the gage area.

5.2.5 Compression molding and mechanical testing of PPS films

PPS films were compression molded using a Carver® auto series (model no. 4389)
bench top press with heated platens. The PPS MEX monofilament was cut into small pellets
and used as the feedstock material. The platens were heated to 300 °C and the PPS pellets
were placed on glass reinforced Teflon mold release sheet. The platens were closed and
allowed to come back to 300 °C for 2 min. 5 tons of pressure was then gradually applied
to the platens and held for 5 min. After this time, the platens were cooled down to room
temperature using the water-cooling on the Carver® press and the film was removed from
the mold release sheets. ASTM D638 type V dogbones were cut from the center of the film
using a die cutter. The films were tested using the same procedure outlined in section 5.2.4

for the printed MEX dogbones.
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5.2.6 Imaging MEX dogbones

Three surfaces of the fabricated dogbones were characterized including the fracture
surface, a non-failure cross section, and a side image in the grip area of the dogbone. The
non-failure cross section was obtained by starting a crack in the sample at a layer interface
using a razor blade. The sample was then broken at that layer interface by bending the
sample. The samples heat-treated at elevated temperatures were brittle and cleanly broke
at the desired interface. Samples that were heat-treated at room temperature were more
ductile and were bent after placing the samples in the freezer for 24 hrs. to induce brittle

behavior.

An Olympus BX51 microscope in reflectance mode was used with
StreamEssentials software and an Olympus UC30 camera to take digital images of the non-
failure cross section and the side image of the fabricated dogbones. Images of the fracture
surface were taken using a Leica DVM6 A microscope. The custom z-stack feature was

used to obtain in focus images of the irregular fracture surfaces.

5.2.7 Differential scanning calorimetry

After mechanical testing, DSC was performed on the PPS dogbones to determine the
percent crystallinity of the parts using a TA Instruments Discovery DSC. The DSC
procedure was based on ASTM E794 described fully in section 4.2.1. The percent
crystallinity was calculated by integrating the melting peak obtained from DSC and using

the peak area in Equation 4.1.
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5.3 Results and Discussion

The ASTM D638 type V dogbones fabricated according to the orthogonal array
given in Table 5.4 were mechanically characterized and their percent crystallinity was
calculated. The average UTS, Young’s modulus and percent crystallinity for each
experiment are given in Table 5.5. Figure 5.4 and Figure 5.5 show the stress vs. strain

curves for experiments representative of the overall stress vs. strain behavior of the tests.

Table 5.5: Average UTS, Young's modulus, and percent crystallinity for Taguchi
Experiments with PPS MEX dogbones.

Experiment | UTS [MPa] | Young’s modulus [MPa] | Percent Crystallinity
1 39.5+4.1 1800 + 157 26.0+4.8 %
2 454 +1.1 1860 + 153 46.1 £2.0 %
3 57.1+3.8 2050 + 144 47.1+1.1%
4 58.7+43 2160 + 36 48.1+1.1%
5 59.3+4.2 2190 + 89 47.0£2.2%
6 50.1+0.3 1860 + 29 257+1.6%
7 61.1+3.3 2230 + 54 48.0£0.5 %
8 44.8 +2.8 1810 + 47 203+1.2%
9 609 +2.5 2160 + 32 47.0+£2.8%
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Figure 5.4: Stress vs strain behavior for PPS MEX dogbones for the Taguchi experiments.
Experiments 4, 7, and 9 are excluded from this figure and instead shown in Figure 5.5
because they overlapped experiment 5.
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Figure 5.5: Stress vs. strain behavior for PPS dogbones for Taguchi experiments 4, 5, 7,
and 9.

As shown in Figure 5.4, room temperature heat-treated samples (experiments 1, 6,
and 8) yielded during mechanical testing, resulting in higher strain to failure values from
10% to 14%. Sample sets that were heat-treated at elevated temperatures exhibited more
brittle behavior and had strain to failure values between 3% and 6%. Experiments 2 and 3,
which were printed at the lowest print temperature of 290 °C, exhibited more ductility than
other samples heat-treated at elevated temperatures and failed between 5% and 6% strain.
The other experiments heat-treated at elevated temperatures, experiments 4, 5, 7 and 9,

were the most brittle and failed around 3% strain. In Figure 5.4, experiments 4, 7, and 9
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were not plotted as they overlapped experiment 5. These experiments were plotted

separately in Figure 5.5 to show their similarity to experiment 5.

Compression molded films fabricated with the PPS MEX filament were
mechanically tested and had a UTS of 76.6 = 6.0 MPa and a Young’s modulus of 3180 +
32 MPa. The UTS values of the printed dogbones ranged from 52-80% of the PPS
compression molded films and the Young’s modulus values ranged from 57-70%. These
values characterize the interlayer bonding strength of the MEX part because the samples
were built in the vertical build direction. Testing MEX parts perpendicular to the layer has
been shown to result in the lowest mechanical properties [1, 6, 10, 12-14]. The UTS values
exhibited by room temperature heat-treated dogbones were consistent with decreased UTS
values of MEX parts fabricated with ABS. The ABS parts fabricated in previous work with
similar print settings used in this work exhibited a UTS of 50% of injection molded ABS

UTS [10].

The percent crystallinity of the compression molded films, characterized using
DSC, was 51.1 + 1.1%. The percent crystallinity of room temperature heat-treated
dogbones was 24.0 £ 4.0% and the percent crystallinity of elevated temperature heat-
treated dogbones was 47.3 £ 1.9%. The high cooling rates experienced by the dogbones
during MEX printing resulted in low levels of crystallinity as discussed in CHAPTER 4.
The high cooling rates resulted in room temperature heat-treated dogbones that were less
crystalline than the PPS compression molded films. In addition, the larger variation in
percent crystallinity of room temperature samples compared to heat-treated dogbones was
likely due to print temperature variation, with the sample printed at the highest temperature

having the lowest crystallinity.
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5.3.1 S/N ratio analysis for PPS MEX dogbones

The S/N ratio for UTS, Young’s modulus, and percent crystallinity were calculated
using the experimental data in Equation 5.3. The average S/N ratio for each control

parameter level was also calculated. These results are shown graphically in Figure 5.6.
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Figure 5.6: Parameter level effect plots for UTS, Young’s modulus, and crystallinity. The
optimum parameter condition for UTS, Young’s modulus and crystallinity were
determined by maximizing the S/N ratio for each control parameter, indicated by © on the
plot. The optimum print temperature (A) and heat-treatment temperature (C) for UTS,
Young’s modulus, and crystallinity were 300 °C and 180 °C, respectively. The optimum
heat-treatment time (B) for UTS was 24 hrs. while the optimum heat-treatment time for
Young’s modulus and crystallinity was 10 min.
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The optimum control parameter condition for each design output was determined
by maximizing the average S/N ratio for each parameter. The parameter levels with the
maximum average S/N ratio for UTS were a 300 °C print temperature, 24-hour heat-
treatment time, and 180 °C heat-treatment temperature (A2 B3 C3). For print temperature
(A), the two highest print temperatures yielded higher S/N ratios for UTS. Higher print
temperature could improve road-to-road and layer-to-layer bonding. However, a print
temperature that was too high could result in sagging in the roads and layers, which could
be detrimental to UTS. While levels 2 and 3 for print temperature resulted in higher S/N
ratios than level 1, the S/N ratio for level 3 was smaller than the ratio for level 2 indicating
that the highest print temperature used adversely affected UTS. The longest heat-treatment
time (B) of 24 hrs. resulted in the largest UTS. However, the range of S/N ratios for print
temperature and heat-treatment time were much smaller than the range seen with heat-
treatment temperature. The average S/N ratio for samples exposed to elevated heat-
treatment temperatures were much higher than the average S/N ratio of samples treated at
room temperature. This indicated that heat-treatment temperature had a larger influence on

UTS than the other two control parameters.

The optimum parameter condition for Young’s modulus was a 300 °C print
temperature, 10-minute heat-treatment time, and 180 °C heat-treatment temperature (A2
B1 C3). The middle print temperature yielded the highest average S/N ratio, similar to what
was seen with UTS. However, the shortest heat-treatment time resulted in the highest
average S/N ratio instead of the longest heat-treatment time seen with UTS. This result was
consistent with previous studies that showed decreases in Young’s modulus with longer

heat-treatment times [26]. Similarly to what was observed with UTS, the range of S/N
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ratios for print temperature and heat-treatment time were much smaller than the range seen
with heat-treatment temperature, with heat-treatments at elevated temperatures resulting in

the highest average S/N ratios.

The optimum parameter condition for percent crystallinity was the same as the
optimum parameter condition for Young’s modulus, a 300 °C print temperature, 10-minute
heat-treatment time, and 180 °C heat-treatment temperature (A2 B1 C3). The range of the
average S/N ratio for print temperature and heat-treatment time were small, and the average
S/N ratios were similar for all levels. In comparison, the range associated with heat-
treatment temperature was large. In addition, the average S/N ratios for both elevated heat-
treatment temperatures were similar. This resulted from the similar levels of crystallinity

that were achieved at both of the selected heat-treatment temperatures.

5.3.2 ANOVA of PPS MEX dogbones

Following the S/N ratio analysis that was used to analyze the effect of control
parameter levels, ANOVA was performed for each design output to determine which
control parameter(s) were significant to each design output. The ANOVA tables for UTS,
Young’s modulus, and percent crystallinity are given in Table 5.6, Table 5.7, and Table
5.8, respectively. The percent contribution of each of the control parameters to each design
output is shown visually in Pareto plots in Figure 5.7. The significance of the control

parameters was evaluated with 99% confidence.
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Table 5.6: ANOVA table for the UTS PPS MEX dogbones.

Parameter | SS DOF | Var | F-ratio | % contribution | Significant
A 3906 |2 1953 | 14.15 | 19% Yes

B 2348 |2 117.4 | 8.50 12% Yes

C 1137.1 | 2 568.6 | 41.19 | 56% Yes

Error 276.1 |20 13.8 13%

Total 2038.6 | 26

Table 5.7: ANOVA table for the Young's modulus of PPS MEX dogbones.

Parameter | SS DOF | Var F-ratio | % contribution | Significant
A 163492.8 |2 81746.4 | 5.9 16% Yes

B 54071.3 2 27035.7 | 1.95 5% No

C 527307 2 263685 | 19.03 | 52% Yes

Error 277157.8 | 20 13857.9 27%

Total 1022091.9 | 26

Table 5.8: ANOVA table for the percent crystallinity of PPS MEX dogbones.

Parameter | SS DOF | Var F-ratio | % contribution | Significant
A 7.49 2 3.75 0.51 0.2% No

B 24.84 2 12.42 1.71 0.8% No

C 3086.32 | 2 1543.16 | 212.14 | 94.6% Yes

Error 145.49 |20 7.27 4.5%

Total 3264.14 | 26
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For UTS, all three control parameters were determined to be significant parameters
that affected UTS with a 99% confidence level. Heat-treatment temperature (C) had the
highest percent contribution, followed by print temperature (A) and heat-treatment time
(B). The percent contribution of error was below 15%, which indicated that the control
parameters were under precise control and no major parameters that affected UTS were
excluded from the analysis. When examining Young’s modulus, print temperature and
heat-treatment temperature were significant parameters that affected Young’s modulus.
The contribution of error was larger in this analysis compared to the UTS analysis, but its
contribution of 27.1% was still small enough to conclude that control parameters
significant to Young’s modulus were controlled. Lastly, only heat-treatment temperature
was determined to have a significant effect on the percent crystallinity. The percent
contribution from heat-treatment temperature accounted for 94.6% of the total, with only
1% coming from the other two control parameters. This result was in agreement with PPS
isothermal crystallization studies that suggested the chosen time scales were long enough
to allow significant crystallization to occur. While room temperature samples showed
larger variation in percent crystallinity likely due to differences in print temperature, the
effect of heat-treatment temperature on crystallinity was large enough to outweigh its
contribution. The contribution from error of 4.5% was well below 15%, which indicated
that the control parameters were under precise control and no major parameters were left

uncontrolled.

The results of the ANOVA with respect to UTS, Young’s modulus, and percent
crystallinity indicated that heat-treatment temperature was a control parameter that affected

many properties of MEX parts. Heat-treatment time was not significant to Young’s
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modulus or percent crystallinity and made a smaller percent contribution when it was
significant to UTS. The small percent contribution of heat-treatment time was the result of
the heat-treatment times investigated that were all at time scales that allowed significant

crystallization to occur.

However, other phenomena besides crystallization contributed to improvements in
UTS and Young’s modulus at higher heat-treatment temperatures. The average S/N ratios
for the elevated heat-treatment temperatures (levels 2 and 3) for crystallinity shown in
Figure 5.6 were similar. The similar values showed that similar levels of crystallinity were
achieved at both elevated heat-treatment temperatures. However, larger differences in the
average S/N ratios between levels 2 and 3 of the heat-treatment temperatures were seen in
the UTS and Young’s modulus analysis. The larger differences between levels 2 and 3
implied that the highest heat-treatment temperature could result in further improvements
in the MEX parts when testing perpendicular to the layer. Improvements that could result
in increased mechanical properties at the highest heat-treatment temperature were
decreased internal defects, improvements in layer interfacial bonding, improvements in

road-to-road bonding, or further reduced internal stresses or strains.

5.3.3  Optical microscopy of PPS MEX dogbone interfaces

In order to investigate these factors, optical microscopy images were taken of the
samples. The side, failure cross section, and non-failure cross section of the samples were
characterized. In the side images, the testing direction is perpendicular to the road direction

while the testing direction is out of the page for the failure and non-failure cross section
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images. Figure 5.8 shows these images for samples from experiments 2, 5, and 8. These
experiments were chosen for Figure 5.8 in order to examine the effects of print temperature
and heat-treatment temperature while the heat-treatment time was kept constant at 100 min.

Images obtained for all of the experiments are given in APPENDIX B in section B.1.
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Experiment 2: Experiment 5: Experiment 8:
A1 B2 C2 A2 B2 C3 A3 B2 Cl1

Side image

Failure cross section

Non-failure cross section

Figure 5.8: Side, failure cross section, and non-failure cross section images for Experiments
2, 5 and 8. In the side images, the testing direction is perpendicular to the road direction
while the testing direction is out of the page for the failure and non-failure cross section
images. Heat-treated samples were opaque while non heat-treated samples were
translucent. Black bars on the non-fracture cross section images show the road width of 0.5
mm.
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The side images for elevated heat-treated and room temperature heat-treated
samples were similar. The individual roads with a 90° raster angle can be observed. The
elevated heat-treated samples were opaque due to the crystallinity that developed during
heat-treating at all heat-treatment times. The failure cross sections were similar for elevated
heat-treated samples. No individual roads were visible in these cross sections at all heat-
treatment times. Individual roads were visible in the non-failure cross sections for all heat-
treatment temperatures and print temperatures. However, the appearance of roads, shown
by the horizontal ridges visible on the non-failure cross section images, decreased with
increasing heat-treatment temperature. The decrease in interfaces between roads with
increasing heat-treatment temperature was an example of internal improvements in the
MEX parts that resulted in improved mechanical properties. No differences in side, failure
cross section, or non-failure cross section were observed with different heat-treatment
times, which was consistent with the ANOVA results that suggested that heat-treatment
time had the least effect on the studied properties and was only found to be statistically

significant to UTS.

In addition, the appearance of roads decreased with increasing print temperature in
both elevated temperature heat-treated and room temperature heat-treated samples. This is
demonstrated more fully in Figure 5.9. Figure 5.9 shows non-failure cross sections of
experiments heat-treated at the highest heat-treatment temperature, 180 °C. As the print
temperature increased, the horizontal ridges that showed the interfaces between roads
became less visible. The decrease in road interfaces was attributed to increased bonding
between the roads, which resulted from the increased energy from the higher print

temperature.
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Experiment 3: A1 B3 C3 Experiment 5: A2 B2 C3

Experiment 7: A3 B1 C3

Figure 5.9: Non-failure cross sections showed that increasing the print temperature
decreased the appearance of roads in elevated temperature heat-treated samples. Black bars
on the images show the road width of 0.5 mm. In the images, the testing direction is out of
the page.

5.3.4  Confirmation experiments for PPS MEX dogbones

Confirmation experiments were performed at the determined optimum parameter
conditions of a 300 °C print temperature, 24-hour heat-treatment time, and 180 °C heat-
treatment temperature (A2 B3 C3) for UTS and a 300 °C print temperature, 10-min heat-
treatment time, and 180 °C heat-treatment temperature (A2 B1 C3) for Young’s modulus

and percent crystallinity based on the S/N analysis. The results of these experiments are
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given in Table 5.9 and were compared to the maximum values obtained in the original
Taguchi experiments. The confirmation experiment dogbones are shown compared to a
room temperature heat-treated dogbone in Figure 5.10. The confirmation experiments did
not warp during their heat-treatment, similar to the original Taguchi experiments. The
shrinkage that occurred as a result of the heat-treatments was measured using printed PPS
bars. The 30 mm x 6 mm x 3 mm bars were printed using the same settings used for the
Taguchi dogbones. The volume reduction was calculated by measuring the dimensions of
the bars before and after heat-treatment. The volume reduction exhibited by the optimum

parameter combinations A2 B3 C3 and A2 B1 C3 were 2.83 £ 0.22% and 3.20 + 0.50%,

respectively.

Table 5.9: Results of confirmation experiments for PPS MEX dogbones.

UTS [MPa] Young’s Percent
modulus [MPa] crystallinity
Confirmation Exp | A2 B3 C3 60.1 £2.6 2300 + 123 48.4+2.0%
Confirmation Exp | A2 B1 C3 59.9+1.6 2250 + 39 483+2.2%
Exp 7 A3 B1 C3 61.1+3.3 2230 + 54 48.0+0.5%
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Figure 5.10: ASTM D638 type V dogbones fabricated according to experiment 1 (left),
confirmation experiment A2 Bl C3 (middle) and confirmation experiment A2 B3 C3
(right).

In the original Taguchi experiments, the maximum UTS and Young’s modulus
were obtained from experiment 7, which had control parameter settings of A3 B1 C3. The
results of the UTS confirmation experiment A2 B3 C3 were not statistically different from
experiment 7. The similar results were consistent with the ANOVA for UTS that showed
that print temperature (A) and heat-treatment time (B) were statistically significant control

parameters but had lower percent contributions to affecting UTS.

The confirmation experiment A2 B1 C3 was used to maximize Young’s modulus
and percent crystallinity. The Young’s modulus and percent crystallinity measured from

confirmation experiment A2 B1 C3 were not statistically different from the results of the
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original Taguchi experiment 7. The only control parameter difference between
confirmation experiment A2 B1 C3 and experiment 7 was the print temperature (A). The
ANOVA for Young’s modulus showed that print temperature was a statistically significant
control parameter, but it had a low percent contribution for the range of print temperatures
examined in this study. The ANOVA for percent crystallinity showed that the only
statistically significant control parameter to percent crystallinity was heat treatment
temperature. The confirmation run and experiment 7 only differed in print temperature, so

the statistically similar results agreed with the conclusions from these ANOVA studies.

5.3.5 Interaction between heat-treatment time and heat-treatment temperature

While the chosen heat-treatment times were all long enough for significant
crystallization to occur, the diffusion of polymer chains across interfaces associated with
increases in bonding in MEX has been shown to be dependent on time and temperature. A
full factorial experiment (FFE) set was performed at the optimized print temperature, 300
°C, in order to determine if the interaction between heat-treatment time and heat-treatment
temperature was significant. After completion of the confirmation experiments, only four
additional combinations of parameters were needed to understand the interaction between
heat-treatment time and temperature. The control parameter combinations of the FFE are
shown in Table 5.10 along with the results of the experiments. Interaction plots between
heat-treatment time and temperature are shown for UTS, Young’s modulus, and percent

crystallinity in Figure 5.11.
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Table 5.10: FFE control parameter combinations used to examine the interaction between
heat-treatment time (B) and heat-treatment temperature (C) at the optimized print
temperature (B) level, 300 °C (2) for PPS MEX dogbones.

Experiment parameter/level | UTS [MPa] Young’s Percent

A B C modulus [MPa] | Crystallinity

Exp4| 2 1 2 58.7+43 2160 + 36 48.1+1.1%

Exp5| 2 2 3 59.3+£4.2 2190 + 89 47.0+2.2 %

Exp6| 2 3 1 50.1+0.3 1860 + 29 257+ 1.6 %
Confirmation Exp | 2 1 3 59.9+1.6 2250+ 39 483+22%
Confirmation Exp | 2 3 3 60.1 £2.6 2300+ 123 484+2.0%
2 1 1 452+09 1790 £9 243+1.0%

2 2 1 453+1.2 1780+ 17 22.84+ 0.8 %

2 2 2 61.9+£2.0 1960 + 108 47.0+1.8%

2 3 2 58.6+0.1 1970 + 28 47.6 £1.2%
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Figure 5.11: Interaction plots between heat-treatment time (B) and temperature (C) for
UTS, Young’s modulus and crystallinity showed similar trends between heat-treatment
temperatures, which indicated that the interaction between the two parameters was not
significant for the three quality aspects.
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The similar trends shown by the heat-treatment temperatures at different heat-
treatment times in the interaction plots indicated that the interaction between heat-treatment
time and temperature was minimal. This was confirmed through ANOVA which showed
that the interaction between heat-treatment time and temperature had a 1%, 3%, and 0.1%
contribution to UTS, Young’s modulus, and percent crystallinity, respectively. The
ANOVA tables along with the Pareto plots for the FFE analysis are given in APPENDIX

B in section B.2 .

Considering that the further analysis showed negligible interaction between heat-
treatment time and temperature, the results obtained from the original analysis were
sufficient to identify the optimal conditions for improving interlayer bonding in MEX parts.
The maximized UTS and Young’s modulus values that resulted from the confirmation
experiments indicated that post-processing heat-treatment protocols were effective in
improving interlayer bonding of MEX parts fabricated with PPS. The examination of
percent crystallinity indicated that other phenomena, such as improvements in interlayer
bonding, increases in inter-road bonding, or reduction of internal stresses or strains in the
MEX parts contributed to increased mechanical properties at higher heat-treatment

temperatures.

5.4 Conclusions

The objective of this chapter was to use the Taguchi method to maximize the
interlayer bonding of MEX parts fabricated with PPS to test the hypothesis that controlling

the thermal exposure of MEX parts could decrease disparities between the MEX parts and
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bulk materials. The control parameters that were studied included print temperature and
post-processing heat-treatment time and temperature. The selected parameters differed
from previously studied parameters because they were material dependent instead of

strictly process dependent parameters.

Mechanical testing was performed perpendicular to the layer in order to
characterize the interlayer bonding in the PPS MEX parts. The interlayer bonding was
examined because it has been shown to exhibit the lowest mechanical properties in MEX
parts compared to when parts are tested parallel to the layer direction. Mechanical testing
showed that samples that were not exposed to elevated temperature heat-treatments
possessed the lowest mechanical properties of the tested samples. Utilizing elevated
temperature post-processing heat-treatments improved the mechanical properties and

increased the crystallinity of the PPS MEX parts.

The S/N ratio analysis was used to determine the optimum control parameter
combination. For UTS, a 300 °C print temperature, 24-hour heat-treatment time, and 180
°C heat-treatment temperature resulted in the highest S/N ratio. For Young’s modulus and
percent crystallinity, a 300 °C print temperature, 10-minute heat-treatment time, and 180
°C heat-treatment temperature resulted in the highest S/N ratio. ANOVA showed that heat-
treatment temperature was the most significant control parameter to UTS, Young’s
modulus, and percent crystallinity. Similar levels of crystallinity were achieved in samples
at both elevated heat-treatment temperatures. The similar levels of crystallinity suggested
that other phenomena besides crystallinity contributed to the improvement in UTS and

Young’s modulus of samples heat-treated at the 180 °C heat-treatment temperature. Optical
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microscopy images showed increases in inter-road bonding with increasing print

temperature and increasing heat-treatment temperature.

Utilizing post-processing heat-treatments on PPS MEX parts increased their
mechanical properties when tested perpendicular to the layer. The UTS increased from
52% of the PPS film UTS to 80%. Similar increases were seen in the Young’s modulus,
from 57% of the PPS films Young’s modulus to 72%. The study showed that utilizing post-
processing heat-treatments on MEX parts could improve the interlayer and inter-road

bonding in these parts and increase the use of MEX parts in end use applications.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

The objective of this dissertation was to examine semicrystalline polymers for use
in MEX and determine how molecular behavior unique to semicrystalline materials affects
the realized MEX part properties. PPS was used as a case study material in process

simulation models, FSC, and process optimization studies using the Taguchi method.

Process simulation models were developed for MEX to test the hypothesis that
correlations between material properties and the deformation characteristics of MEX parts
could be established. The process simulation models showed that the CTE was directly
proportional to MEX part warpage and were able to predict the thermal exposures
experienced during MEX part fabrication. The process simulation models could be used in
new material development strategies for MEX to expand the available MEX materials. In
future work, some of the assumptions and limitations in the developed process simulation
models could be addressed. Modeling additional material properties as functions of
temperature could increase the accuracy of the model since many of the parameters are
known to vary with temperature. In addition, modeling the viscoelasticity of PPS could
result in changes in the calculated stresses and deformations. While the use of the power-
law model did express viscosity as a function of shear rate, it did not account for a yield
stress in PPS and has shown limitations in wide ranges of shear rates. Modeling viscosity
using a Bird-Carreau law dependence would more accurately describe the evolution of the
deposited roads since it is bounded at vanishing shear rates. In addition, accounting for the

relaxation exhibited by viscoelastic materials may reduce the calculated residual stresses.
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Increasing the geometrical complexity of the model could also yield interesting
results. By increasing the number or road depositions, relationships could be made between
the print temperature and the number of layers that are reheated during the subsequent
depositions. Increasing the model to three-dimensions could also allow the variation of
cooling rates and temperatures within a part to be studied more extensively. Three-
dimensional examination of MEX could also provide better predictions of road geometry
evolution which could in turn be used to improve the contact assumption between roads.
Improvements to the material property assumptions and increasing in geometrical
complexity of the process simulation models would likely drastically increase the

computational expense of the simulations.

Additional experimental validation of the model would also be beneficial. Case
studies could be performed with additional semicrystalline polymers that exhibit large,
measureable warpage. Composite filaments could be fabricated with reduced CTE and
increased thermal conductivity and the changes in warpage could be used to validate the

process simulation models.

The effects of the MEX thermal exposures simulated by the process simulation
models on the crystallization behavior of PPS were examined using FSC. FSC was shown
to capture aspects of MEX processing through the use of its high heating and cooling rates.
It showed the evolution of crystallinity during cycles of heating and cooling experienced
during MEX fabrication and confirmed the hypothesis that MEX thermal exposures
hindered PPS crystallization. FSC could be used with other semicrystalline polymers
considered for use with MEX to understand what thermal exposures would result in

crystallization during fabrication. This method could be used in conjunction with process
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simulation models to predict the warpage and deformation characteristics based on material
properties, cooling rates, and crystallization behavior. Additional knowledge of the exact
thermal cycling and heating and cooling rates seen for standard parts produced with MEX
could also be used in the future to develop a protocol for using FSC to predict the

crystallinity and warpage behavior of MEX parts.

Based on the effect of thermal exposures on the crystallization behavior of PPS, it
was hypothesized that control of the thermal exposure of MEX parts could decrease the
disparities in mechanical properties between MEX and bulk parts. This hypothesis was
confirmed using the Taguchi method for process optimization. Post-processing heat-
treatment methods were shown to increase MEX part crystallinity and interlayer and inter-
road bonding in PPS MEX parts leading to increased mechanical property performance. In
addition, increasing print temperature was shown to increase inter-road bonding and
resulting mechanical properties of MEX parts. In future work, the observations on using
post-processing heat-treatments to increase the interlayer bonding of MEX parts fabricated
with PPS could be used as a guide for developing post-processing heat-treatment strategies
for other semicrystalline polymers. In addition, the effect of post-processing heat-
treatments on the mechanical properties of PPS MEX parts fabricated in the horizontal
build orientation could also be explored. When using post-processing heat-treatments on
increasingly complex geometries, dimensional changes due to shrinkage from
crystallization may become significant. Further study of dimensional changes from post-
processing annealing would aid in the application of heat-treatments to improve MEX part

mechanical property performance with semicrystalline materials.
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The combination of process simulation models, thermal and mechanical
characterization, and process optimization techniques studied in this dissertation developed
a methodology for successfully printing high quality MEX parts using semicrystalline
materials. This research suggests that slowly crystallizing polymers would be well suited
for use in MEX. Controlling thermal exposure variables during fabrication would result in
a largely amorphous part that could be further crystallized in post-processing heat-
treatments to increase the inter-road and interlayer bonding, which would increase the
resulting mechanical properties. In order to fully understand semicrystalline polymers in
MEX, additional work studying semicrystalline polymers with a wide range of
crystallization kinetics is needed. Cooling sufficiently quickly during fabrication to
produce amorphous parts with faster crystallizing materials may decrease the warpage due
to crystallization, but could increase the warpage resulting from larger thermal gradients
within the part. Understanding how to balance these effects while maintaining adequate

interlayer bonding could increase the use of semicrystalline polymers as MEX materials.
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APPENDIX A. CONSTITUITIVE EQUATIONS IN PROCESS

SIMULATION MODELS

A.1 Governing equations used in process simulation models

The process simulation models road 1 deposition, road 1 cooling, and road 2
cooling described in CHAPTER 3 were modeled in ANSYS® Polyflow using the
generalized Newtonian non-isothermal flow solver. Using this category, PPS was modeled
as an inelastic non-Newtonian flow. The generalized Newtonian non-isothermal flow
solver has the capability to model aspects of polymer non-Newtonian behavior, such as the
shear rate dependence of viscosity, but the other characteristics of viscoelastic flows, such

as memory effects associated with elasticity, were not modeled.

In the process simulation models, the momentum equation, the incompressibility
equation, and the energy equation were solved for simultaneously. The momentum

equation is given by Equation A.1,

—-Vp+V-T+ f=pa (A.1)

where p is the pressure, T is the extra-stress tensor, f'is the volume force, p is the density,

and a is the acceleration. The extra-stress tensor is given by Equation A.2,

T = 2nD (A.2)
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where D is the rate-of-deformation tensor and 7 is the viscosity. The viscosity was modeled
as a function of shear rate using the power-law model (Equation 3.2) and as a function of
temperature using the Arrhenius model (Equation 3.3). The local shear rate,y, is related to

D through Equation A.3.

¥ = +/2tr(D?) (A.3)

The incompressibility equation is given in Equation A .4,
V-v=0 (A4)

where v is the velocity. The energy equation used in the process simulation models is given

in Equation A.5,

DT
pcpaz—v-q+r+a:D (A.S)

. . . . .. DT. . o
where p is the density, ¢, is the specific heat capacity, > 18 the material derivative of the

temperature, » is the heat generated per unit volume by external sources, ¢q is the heat flux,
o is the Cauchy stress tensor, and D is the rate-of-deformation tensor. In the energy
equation, the term o: D represents the viscous dissipation. Additionally, heat conduction

within the flow is governed by Fourier’s law, so the heat flux is given as Equation A.6,

q= —kVT (A.6)
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where k is the thermal conductivity and VT is the change in temperature. The material

derivative of the temperature is given by Equation A.7,

DT 9T

or_ 9. A7
o at+” VT (A7)

In ANSYS® Mechanical, residual stresses were calculated in the structural analysis

as von Mises stress, gy, given by the Equation A.8,

Oypm = —o':0' (Ag)

The total deformation was calculated using the total strain in the system. The total
strain was the sum of the mechanical strain, &, and the thermal strain, &, given in

Equation A.9.

E= gyt &y (A.9)

The mechanical strain was given by Equation A.10 and the thermal strain was given by

Equation A.11,

gy=Clio (A.10)

&5, = ATa(T) (A.11)
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where C is the elasticity stiffness matrix and a(T) was the CTE. The CTE was assumed to
be isotropic and was treated as both a constant and a function of temperature in different

process simulation models as described in CHAPTER 3.

The constitutive equation for the relationship between stress in strain in the model

was therefore defined as Equation A.12.
e= Clio+ ATa(T) (A.12)

The components of the elasticity stiffness matrix were related to Young’s modulus
(E), Poisson’s ratio (v), and shear modulus (G) through the constitutive relationship for a

linear elastic homogeneous material given in Equation A.13,
Cijrr = A6k + 1(88j1 + 618x) (A.13)

where §;; is the Kronecker-delta, and A and p are the Lamé constants given in Equation

A.14 and A.15, respectively:
p==a (A.14)

1= vE
C (1+v)(1-2v)

(A.15)
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A.2 Thermal boundary conditions

The thermal boundary conditions applied to road 1 deposition, road 1 cooling, and
road 2 deposition included imposed temperature and convection. For an imposed
temperature boundary condition, the surface was maintained at the specified temperature.
This boundary condition is known as a Dirichlet condition. A convective boundary

condition was applied using a heat flux equation given in Equation A.16,

q= h(T - Tambient) (A.16)

where / is the heat convection coefficient, 7'is the temperature at the boundary, and Tumpiens
is the environment temperature. This boundary condition is known as a Newton boundary
condition. Heat exchange by radiation was assumed to be negligible in the process

simulation models.

A.3 Flow boundary conditions

The flow boundary conditions applied to road 1 deposition, road 1 cooling, and
road 2 deposition included inflow, zero wall velocity, and free surface. In the inflow
boundary condition, a volumetric flow rate was applied to simulate the inflow of PPS
material into the MEX nozzle. It was defined by a volumetric flow rate calculated in
Equation 3.1. The zero wall velocity condition set the normal and tangential velocity

components on the boundary section to 0 as given in Equation A.17,
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V,=v,=0 (A.17)

where v, is the normal velocity component and vy is the tangential velocity component.

The last flow boundary condition utilized in the process simulation models was a
free surface. A free-surface problem involves a boundary whose position is computed as
part of the solution, since it is not known in advance. The free surface boundary condition
in conjunction with the remeshing technique was used to simulate the evolution of MEX
roads as they were deposited. The forces in the free surface that must be prescribed include
the tangential surface force, the normal force, and the normal velocity. In the process
simulation models, the normal force was set to zero and the normal velocity was

determined from the inflow of the material defined by the volumetric flow rate.

In addition, the two requirements that must be satisfied for a free surface boundary
include the dynamic condition and the kinematic condition. The dynamic condition for the
free surfaces describes the normal force. No normal force was applied to the free surface

so the dynamic condition was given by Equation A.18.
f=0 (A.18)

The kinematic condition was set for the time-dependent problem as given in

Equation A.19,

(%—v)-nz (A.19)
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where x is the position of a node on the free surface. The direction of displacement is
defined by directors, D, set normal to the mesh surface. The amplitude of the nodal
displacement in the D direction is called the geometrical degree of freedom, 4. This
geometrical degree of freedom is introduced because the position of the free surface is
unknown and must be computed in the simulation. Let 1! be the shape function associated
with the geometrical degree of freedom. The kinematic condition can be associated with
the geometrical degree of freedom. Along the free surface, the kinematic condition, given

in Equation A.20, must be satisfied,
ox
<vom- Pl »=0 (A.20)

where << ; >> denotes the scalar product along the free surface and Jx is the displacement

of the node given as Equation A.21.
6x = h;D; (A.21)

The tangential forces applied to the free surfaces were defined by surface tension
in the process simulation models. This was defined for a curved surface as shown in Figure

Al
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x| Q

Figure A.1: The tangential forces applied to free surfaces in the process simulation models
were defined by surface tension forces, 6. The net influence of the tangential surface
tension forces acted in the normal direction and tended to reduce the surface curvature.

The surface tension force was a force of amplitude o acting tangent to the surface
whose net influence was in the normal direction. This normal force per unit length, f,,
tended to reduce the surface curvature. The parameter o was the surface tension coefficient,

and satisfied the Equation A.22,
o
fan=—=n (A.22)
R
where R is the Gaussian curvature of the surface given in Equation A.23,

1 A.23
R (A.23)

1 N 1
Ry Ry
where R; and R: are the two principal radii of curvature measured in orthogonal directions.

For boundaries with a free surface flow boundary conditions, surface tension forces

were introduced on the right-hand side of the momentum equation in Equation A.l.
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Introduction of Equation A.22 requires integration by parts in order to use only first order
derivatives of the shape functions that characterize the geometry of the surface. Integrating
the product of Equation A.22 and the velocity shape function introduces tangential forces
at both ends of the free surface. These forces described the external forces on the free
surface in order to equilibrate the tensile force o. In order to maintain equilibrium with the

tensile force on the free surface, the tangential force f; must be defined as Equation A.24,
frt =01 (A.24)

where 7 is the unit vector tangent to the free surface directed away from the surface. An

angle, 0, was used to describe the direction of 7 as shown in Equation A.25.

= (C?SH) (A.25)
sin6

Figure A.2 shows the surface tension and traction at the extremities of the free
surface imposed on the extrudate at the nozzle at the beginning of road 1 and road 2

deposition.
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Figure A.2: Surface tension and traction at the extremities of the free surface imposed on
the extrudate at the beginning of road 1 and road 2 deposition.

Contact conditions were set for the free surfaces in road 1 and road 2 deposition
using the contact detection algorithm in ANSYS® Polyflow. Contact detection is a local
procedure that is performed at each location along a free surface. The contact condition
used on the free surface in road 1 extrusion was the blow molding contact condition. In the
road 1 deposition, the extrudate was the free surface and the build platform was defined as
the mold. The displacement of the free surface was calculated using a remeshing scheme
where the evolving geometry was constantly re-meshed as the volumetric flow was applied.
When contact was detected between the extrudate and the build platform in road 1
deposition, the thermal boundary condition of the extrudate was changed from convection
to imposed temperature. The imposed temperature was equal to the build platform

temperature.
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In road 2 deposition, the fluid-to-fluid contact condition was applied to the free
surface. The extrudate was the source of the fluid-to-fluid connected condition and the top
surface of road 1 was the target. When contact was detected between the extrudate and the
top of road 1, the thermal boundary condition of the extrudate was changed from
convection to pure conduction between the extrudate and road 1. This contact condition

assumed perfect contact between the two roads.
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APPENDIX B. INTERLAYER BONDING IMPROVEMENT

IN PPS MEX PARTS

B.1 Microscope images of PPS Taguchi experiments

Optical microscope images were taken of the PPS Taguchi samples described in
CHAPTER 5. The side images of the experiments are shown in Figure B.1, the failure
cross sections are shown in Figure B.2, and the non-failure cross sections are shown in

Figure B.3.
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Experiment 7 Experiment 8 Experiment 9

Figure B.1: Side images of each of the Taguchi experiments performed for PPS MEX
dogbones. The images are similar for all experiments and the individual roads with a 90 °
raster angle can be observed. Heat-treated samples (experiments 2, 3, 4, 5, 7, and 9) were
opaque due to the crystallinity that developed during heat-treating at all heat-treatment
times. Non heat-treated samples (experiments 1, 6, and 8) were translucent indicating low
levels of crystallinity.
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Experiment 1 Experiment 2 Experiment 3

Experiment 4 Experiment 5

4 750 um } 500 um 500 um
Experiment 7 Experiment 8 Experiment 9

Figure B.2: Failure cross sections of each of the Taguchi experiments performed for PPS
MEX dogbones. The custom z-stacking feature was used to obtain in focus images of the
irregular fracture surfaces. No individual roads were observed in any of the samples.
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Experiment 1 Experiment 2 Expriment 3

Experiment 4 Experiment 5 Experiment 6

-!

Experiment 7 Experiment 8 Experiment 9

Figure B.3: Non-failure cross sections of each of the Taguchi experiments performed for
PPS MEX dogbones. Individual roads can be observed in some of the non-failure cross
sections, but the interfaces between roads were shown to decrease with increasing print
and heat-treatment temperature.
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B.2 FFE examining the interaction between heat-treatment time and temperature

An FFE set was performed at the print temperature optimized for PPS in CHAPTER
5 to determine if the interaction between heat-treatment time and temperature was
significant. ANOVA performed with the original Taguchi experiments and the additional
FFE experiments showed that the interaction between heat-treatment time and temperature
had a 1%, 3%, and 0.1% contribution to UTS, Young’s modulus, and percent crystallinity,
respectively. The ANOVA tables for UTS, Young’s modulus, and percent crystallinity are
given Table B.1, Table B.2, and Table B.3, respectively. The percent contribution of each
of the control parameters and the interaction between heat-treatment time and temperature
to each design output is shown visually in Pareto plots in Figure B.4. The significance of

the control parameters was evaluated with 99% confidence.

Table B.1: ANOVA table for UTS including the interaction between heat-treatment time
and temperature (B x C) for PPS MEX dogbones.

Parameter | SS DOF | Var F-ratio | % contribution | Significant
A 319.74 |2 159.869 | 10.89 | 13% Yes

B 108.18 |2 54.092 | 3.68 4% No

C 1571.29 | 2 785.646 | 53.5 62% Yes

BxC 20.13 4 5.032 0.34 1% No

Error 499.26 | 34 14.684 20%

Total 2518.6 | 44
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Table B.2: ANOVA table for Young’s modulus including the interaction between heat-
treatment time and temperature (B x C) for PPS MEX dogbones.

Parameter | SS DOF | Var F-ratio | % contribution | Significant
A 73812.5 2 36906.2 | 2.91 6% No

B 68278 2 34139 2.69 6% No

C 1010433 |2 505216.5 | 39.81 | 84% Yes

BxC 33801.9 4 8450.5 0.67 3% No

Error 12691.9 34 12691.9 1%

Total 1199017.3 | 44

Table B.3: ANOVA table for percent crystallinity including the interaction between heat-
treatment time and temperature (B x C) for PPS MEX dogbones.

Parameter | SS DOF | Var F-ratio | % contribution | Significant
A 1.38 2 0.69 0.12 0% No

B 26.17 2 13.09 2.3 1% No

C 4793.99 | 2 2396.99 | 420.49 | 95% Yes

Bx C 5.46 4 1.37 0.24 0.1% No

Error 193.82 | 34 5.7 4%

Total 5020.82 | 44
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Figure B.4: Pareto plots for UTS, Young’s modulus, and crystallinity showed the percent
contributions of each control parameter and the interaction between heat-treatment time
and temperature based on the SS analysis.
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APPENDIX C. INTERLAYER BONDING IMPROVEMENT

IN NORYL MEX PARTS USING THE TAGUCHI METHOD

C.1 NORYL as a new MEX material

An interesting engineering thermoplastic that has not been developed for the MEX
process is a fully miscible blend of polystyrene (PS) and polyphenylene oxide (PPO)
known as NORYL [1], [2]. The addition of PS to PPO both increased the processibility of
PPO and decreased its overall cost while maintaining high heat resistance and excellent
dimensional stability [3]-[5]. Previous studies have shown that amorphous polymers,
including NORYL, have the ability to crack heal and strengthen interface adhesion at
temperatures below their glass transition temperatures [6]-[8]. This ability of amorphous
materials could be advantageous for post-processing heat-treatments of MEX parts. Heat-
treating MEX parts below their glass transition point could allow the bonding between

roads and layers to improve without sacrificing the dimensional accuracy of the part.

The objective of this study was to investigate NORYL as a new material for MEX
using the Taguchi method for process optimization described in CHAPTER 5. A print
temperature range was determined for NORYL following the hypothesis that rheological
behavior of ABS at MEX conditions can be used as a benchmark for setting MEX process
variables for other polymers. This was the same procedure used to determine a print
temperature range for PPS in section 5.2.2. MEX filament was also produced using
NORYL pellets. Appropriate times and temperatures for heat-treatments of MEX parts

were established based on bonding studies between NORYL sheets. With appropriate heat-
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treatment settings established, a process optimization was performed on NORYL MEX
parts using the Taguchi method for dogbones fabricated in the horizontal and vertical build
orientation. The Young’s modulus and UTS of the MEX parts were optimized for
horizontal dogbones considering the process parameters: layer thickness, deposition
temperature, heat-treatment time, and heat-treatment temperature. For vertical dogbones,
layer thickness was not examined and only print temperature, heat-treatment time and heat-
treatment temperature were examined similarly to the studies performed with PPS in

CHAPTER 5.

C.2 Materials and methods

Pellets of NORYL blend 731-701 (black) and 731-780 (grey) were obtained from
SABIC. These pellets were the same blend of NORYL, but used different coloring agents.
Sheets of black NORYL with a thickness of 1/16” (1.59 mm) were obtained from

McMaster Carr.

C.2.1 Differential scanning calorimetry

DSC was performed on both the NORYL pellets and sheets following ASTM
E1356 to confirm that they had the same glass transition temperature. Three tests were
performed on each material using a TA instruments Q200 DSC. Samples were heated from
40 °C to 200 °C at a heating rate of 10 °C/min. Then, the sample equilibrated for 5 min and

was cooled at a rate of 20 °C/min to 100 °C where it again equilibrated for an additional 5
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min. It was then heated at 10 °C/min to 200 °C. This final heating run was used to measure

the glass transition temperature.

C.2.2 Filament extrusion

MEX filament of approximately 1.75 mm diameter was fabricated using the
NORYL pellets obtained from SABIC. A Brabender Intelli-Torque system was used with
a ¥4 single screw extruder with an L/D ratio of 25:1. The barrel had three heating zones in
addition to a heating zone located in the vertical rod die, which had a diameter of 3/16”
(4.76 mm) and an L/D ratio of 3:1. In order to cool the filament and minimize filament
diameter variations during fabrication, a water bath was used between the extruder die and
the take-up system. Before extrusion, the NORYL pellets were dried in a vacuum oven at
110 °C for 3 hrs. The temperature profile of the extruder, starting with zone 1 in the barrel
and ending with the die temperature, was 250 °C, 260 °C, 270 °C, and 280 °C. A screw

speed of 28 RPM was used.

C.2.3 Capillary rheology

Capillary rheology was performed on both blends of NORYL pellets using the
Dynisco LCR7001 capillary rheometer. The capillary die used in this study had an L/D
ratio of 40 with a length of 20 mm and a diameter of 0.5 mm. Experimental runs were
performed at 300 °C, 310 °C, 320 °C and 330 °C for NORYL grey over a range of shear

rates representative of the MEX process: 100 to 10,000 s'. For NORYL black,
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experimental runs were performed at 270 °C, 290 °C and 310 °C over the same range of
shear rates. The viscosity data obtained from these runs was converted from apparent
viscosity to true viscosity. No Bagley correction was performed due to the limited capillary

dies available for the rheometer.

C.2.4 Heat-treatment determination

NORYL sheets obtained from McMaster Carr were cut into 17 x 4” x 1/16” bars.
These bars were bonded in a lap-shear joint geometry and submitted to tension loading as
described in ASTM D3163. The experimental setup for bonding the bars is shown in Figure

C.1.

1in (_ﬂ_)

Contact
Area

\

4 1n

Figure C.1: The lap-shear joint experiment set up showing the contact area

In order to bond the bars together, a Carver® auto series (model no. 4389) bench

top press with heated platens was preheated to the desired temperature. Five joints were
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placed side by side on a 6” x 6” stainless steel plate that had also been preheated. Steel
plates of 1/16” were placed under the elevated bar on the joints to ensure none of the bars
were deformed during bonding. The entire setup was the placed in the hot press and allowed
to preheat for 5 min. After this time, 2 tons of force was applied on the 6” x 6” platens,
resulting in a pressure of 0.77 MPa, which has been shown in previous work to be sufficient
pressure to provide adequate contact between the joints [6]. The set up was left for the
desired contact time, which ranged from 10 min to 24 hrs. The assembly was then quickly
cooled to room temperature using the water cooling capability of the Carver bench top
press. The samples were then removed from the press and left at room temperature for 24

hrs. before mechanical testing.

The lap-shear joints were tested on the Instron® 5566 static tensile testing frame
using a 1 kN and 10 kN load cell with a rate of elongation of 0.05 in/min (1.27 mm/min)
according to ASTM D3163. Shear stress was calculated as the measured force divided by

the contact area. Five joints were measured for each experimental data point.

C.2.5 Taguchi method orthogonal array

For the horizontal MEX dogbones, four process parameters, layer thickness (A),
print temperature (B), heat-treatment time (C), and heat-treatment temperature (D), were
examined with three levels each. Based on this selection, an Lo orthogonal array was used
for the Taguchi experimental plan as shown in Table C.1. For the vertical dogbones, print

temperature, heat-treatment time, and heat-treatment temperature were examined with
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three levels each similarly to the process optimization performed with PPS in CHAPTER

5 section 5.2.2. The experimental plan is given in Table 5.4.

Table C.1: Experimental plan for horizontal NORYL MEX dogbones using an Lo
orthogonal array

Experiment  Parameter/level
number B C

A
1
1
1
2
2
2
3
3
3

O 01|\ DA W=
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C.2.6 MEX dogbone fabrication

The MEX additive manufacturing machine used to fabricate D638 Type V
dogbones was the HYREL System 30 from HYREL International described in section
3.2.4. Horizontal dogbones were fabricated using the NORYL black filament. The
dogbones were fabricated at a print speed of 15 mm/s with a 0.5 mm diameter nozzle. They
were constructed using a 45° raster angle with an infill density of 100%. The dogbones had
a rectilinear infill with three contours. Three contours were used so that the deposition path
through the gauge length would have unidirectional rasters in the loading direction. The
deposition path for a layer in the horizontal dogbones is shown in Figure C.2. The print

temperature and layer thickness for the dogbones were chosen based on the orthogonal
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array given in Table C.1. Three dogbones were fabricated for each experiment number

given in the orthogonal array.

Figure C.2: Deposition path for the horizontal MEX dogbones fabricated using the NORYL
black MEX filament. A raster angle of 45° raster angle with an infill density of 100% was
used in the grip areas. The gauge area had unidirectional rasters in the direction of loading.

Vertical dogbones were fabricated using the NORYL grey filament according to
the same procedure used to fabricate vertical PPS dogbones described in section 5.2.3.

Three dogbones were fabricated for each experiment number given in the orthogonal array

in Table 5.4.

The heat-treatment protocol was started 24 hrs. after the dogbones were fabricated.
For the elevated temperature heat-treatments, the dogbones were placed inside a preheated
furnace at the specified heat-treatment temperature for the given heat-treatment time
according to the Taguchi experimental plan. Upon completion, the samples were removed
from the furnace and allowed to cool to room temperature for 30 minutes before mechanical

testing. Room temperature heat-treated samples were left at room temperature for their
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heat-treatment time plus an additional 30 min before testing to provide consistency

between the elevated temperature heat-treated samples.

C.2.7 Mechanical testing of MEX dogbones

The horizontal and vertical NORYL dogbones were tested on the Instron® 5566
static tensile testing frame following the same procedure outlined for the PPS dogbones
described in section 5.2.4. ASTM D638 Type V dogbones were also cut from the NORYL
sheets and tested using the same mechanical testing procedure in order to compare the

MEX dogbone values to bulk mechanical property values.

C.2.8 Imaging MEX dogbones

The fracture cross sections of the NORYL black horizontal dogbones were imaged
using the Leica DVM6 A microscope. The custom z-stack feature was used to obtain in
focus images of the irregular fracture surfaces. Three surfaces of the NORYL grey vertical
dogbones were characterized including the fracture surface, a non-failure cross section, and
a side image in the grip area of the dogbone similar to the study performed on vertical PPS

dogbones in CHAPTER 5.
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C.3 Results and discussion

C.3.1 Glass transition temperatures from DSC

The glass transition temperature of NORYL black and grey pellets and the black
NORYL sheets was determined using DSC. The onset, midpoint and endset of glass
transition for the three materials are given in Table C.2. Based on the midpoint of glass

transition, the composition of PPO in the NORYL blends was estimated to be 60% [3].

Table C.2: Glass transition temperature for NORYL pellets and sheets determined using
DSC

Material T, [°C]

Onset Midpoint Endset
NORYL black pellets | 135+2.0 | 142 +£0.6 148 £0.4
NORYL grey pellets 137+£0.8 | 141£0.8 146 +0.9
NORYL black sheets | 134+2.0 | 138+0.04 | 140+0.2

C.3.2 Print temperature determination using capillary rheology

The results of the capillary rheology experiments performed on NORYL black and
NORYL grey were used to determine print temperature ranges for the two materials. The
viscosity equation given in Equation 3.4 was fit to the experimental data for each material
and the resulting equation for NORYL black is given in Equation C.1 and the resulting

equation for NORYL grey is given in Equation C.2.
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n= e[8919-8(%‘W1.15)]13213(]'/)—0-58 (C.1)

n=e [9244.2(%‘W1.15)] 9779()‘/)—0.56 (C.2)

Using Equation C.1 and C.2, viscosity surface plots were constructed to show the
viscosity as a function of shear rate and temperature over a larger temperature range for

NORYL black and grey. These surface plots are given in Figure C.3.
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Figure C.3: Viscosity surface plots for NORYL black and grey were constructed by fitting
Equation 3.4 to the experimental data. The symbols (*) represent experimental data while
the surface plots were obtained for NORYL black and grey using Equation C.1 and
Equation C.2, respectively. The equations were used to plot viscosity as a function of shear
rate and temperature from 290 °C to 340 °C and from 100 s to 10,000 s°!
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The shear rate of the HYREL System 30 MEX machine was determined to be 400
s’l. At this shear rate, the viscosity of ABS at its deposition temperature was 500 Pa-s.
Using Equation C.1 and C.2, the theoretical print temperature of NORYL black and grey
were determined to be 296 °C and 304 °C, respectively. Based on these theoretical printing
temperatures, the print temperature control levels selected for examination with the

Taguchi method were 295, 305, and 315 °C for both NORYL black and grey.

C.3.3 Heat-treatment determination

Based on the glass transition temperature of NORYL determined using DSC, three
temperatures were examined as possible heat treatment temperatures. Temperatures of 120,
130 and 140 °C were examined at five different contact times: 10 min, 25 min, 100 min,
400 min, and 1440 min (24 hrs.). The shear strength of the bonded joints was plotted against
t'* and is shown in Figure C.4. No results are plotted for 120 °C because no bonding was
formed in the lap shear joints at that temperature for any amount of contact time. These
data showed that NORYL interfaces could crack heal at temperatures below and at the
midpoint of glass transition. Based on these studies, the heat-treatment times selected for
both the NORYL black horizontal dogbones and the NORYL grey vertical dogbones were
10 min, 100 min and 24 hrs. The heat-treatment temperature control levels selected for the
NORYL black horizontal dogbones were room temperature, 130 °C, and 140 °C. The heat-

treatment temperature control levels selected for the NORYL grey vertical dogbones were

120 °C, 130 °C, and 140 °C. Even though the performed lap shear joint experiments were
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not able to develop interfacial bonding at 120 °C, previous work with NORYL has shown

crack healing at 120 °C [6].
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Figure C.4: Shear strength of NORYL interfaces as a function of contact time for heat-
treatment times.

C.3.4 Taguchi method analysis for NORYL black horizontal MEX dogbones

The control parameter levels for layer thickness, print temperature, heat-treatment
time, and heat-treatment temperature investigated for the NORYL black horizontal
dogbones are given in Table C.3. The layer thickness control levels were based on standard
layer thicknesses used in the MEX process. Three horizontal dogbones were fabricated
with control parameter levels according to the orthogonal array in Table C.1. The UTS,

Young’s modulus, and strain to failure values for the Taguchi experiments are given in
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Table C.4. Figure C.5 shows the stress vs. strain curves for experiments representative of

the overall stress vs. strain behavior of the experiments.

Table C.3: Process parameter levels for the Taguchi analysis of NORYL black horizontal

MEX dogbones.

Parameter Level
1 2 3
A. Layer thickness 0.1 mm 0.2mm | 0.3 mm
B. Print temperature 295 °C 305°C | 315°C
C. Heat-treatment time 10 min 100 min | 1440 min
D. Heat-treatment temperature | Room temp | 130°C 140°C

Table C.4: Average UTS, Young's modulus, and strain to failure for NORYL black

horizontal MEX dogbones.

Experiment | UTS [MPa] | Young’s modulus [MPa] | Strain to failure [%)]
1 58.0+2.0 1700 £+ 78 24.1+44
2 53.0+2.9 1780 +£43 8.8+2.6
3 53.6+34 1590 + 87 7.5+1.3
4 52.1+3.0 1500 + 63 18.1+29
5 48.4+0.7 1480 + 6 224+5.7
6 51.0+1.4 1450 + 85 153+0.5
7 46.2+0.9 1360 + 17 151+1.3
8 463+ 1.7 1350 + 68 180+1.9
9 42.5+2.3 1360 £ 91 11.5+0.2
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Figure C.5: Stress vs. strain curves for NORYL black horizontal MEX dogbones.
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Figure C.5 shows that during testing, the horizontal MEX dogbones yielded and
had strain to failure values ranging from 7.5 + 1.3% to 24.1 + 4.4%. Dogbones cut from
the NORYL black sheets were mechanically tested and had a UTS of 65.9 + 1.0 MPa and
a Young’s modulus of 2530 + 32 MPa. The UTS values of the horizontal printed dogbones
ranged from 64-88% of bulk NORYL and the Young’s modulus values ranged from 53-

70%.

The S/N ratios for UTS and Young’s modulus were calculated using the “larger is
better” S/N ratio equation in Equation 5.3. The average S/N ratio for each control parameter
level was also calculated. These results are shown graphically in Figure C.6. ANOVA was
also performed for both UTS and Young’s modulus to determine which control parameters
were significant to each design output. The ANOVA tables for UTS and Young’s modulus
are shown in Table C.5 and Table C.6, respectively. The percent contribution of each
control parameter to each design output are shown visually in the Pareto plots in Figure

C.7. The significance of the control parameters was evaluated with 99% confidence.
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Figure C.6: Parameter level effect plots for UTS and Young's modulus for NORYL black
horizontal MEX dogbones. The optimum parameter condition for UTS and Young’s
modulus were determined by maximizing the S/N ratio for each control parameter,
indicated by the o on the plot. The optimum layer thickness (A) and print temperature (B)
for both UTS and Young’s modulus were 0.1 mm and 295 °C, respectively. The optimum
heat-treatment time (C) for UTS was 10 min while the optimum level for Young’s modulus
was 100 min. The optimum heat-treatment temperature (D) for UTS was 140 °C while the
optimum level for Young’s modulus was room temperature.
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Table C.5: ANOVA table for the UTS of NORYL black horizontal MEX dogbones.

Parameter | SS DOF | Var F-ratio % contribution | Significant
A 439.578 | 2 219.789 | 30.06827 | 66% Yes

B 52977 |2 26.4885 |3.623763 | 8% No

C 36.821 |2 18.4105 | 2.518651 | 5% No

D 4.712 2 2.356 0.322313 | 1% No

Error 131.574 | 18 7.309667 20%

Total 065.662 | 26

Table C.6: ANOVA table for the Young’s modulus of NORYL black horizontal MEX

dogbones.
Parameter | SS DOF | Var F-ratio % contribution | Significant
A 462768.7 | 2 231384.4 | 34.72192 | 75% Yes
B 165194 |2 8259.7 1.239464 | 3% No
C 11010.1 |2 5505.05 | 0.826097 | 2% No
D 5716.1 2 2858.05 | 0.428884 | 1% No
Error 119950.7 | 18 6663.928 19%
Total 615965 |26
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Figure C.7: Pareto plots for UTS and Young's of NORYL black horizontal MEX dogbones
showed the percent contributions of each of the control parameters based on the SS
analysis. Layer thickness (A) had the largest contribution to both UTS and Young’s
modulus. None of the other control parameters were significant to UTS or Young’s
modulus.
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The optimum parameter condition for each design output was determined by
maximizing the average S/N ratio for each control parameter. The optimum parameter
condition for UTS was a layer thickness (A) of 0.1 mm, a print temperature (B) of 295 °C,
a heat-treatment time (C) of 10 min, and a heat-treatment temperature (D) of 140 °C. The
optimum parameter condition for Young’s modulus had the same levels for layer thickness
and print temperature. The optimum levels for heat-treatment time and temperature for
Young’s modulus were 100 min and room temperature, respectively. However, according
to ANOVA, the only control parameter significant to UTS and Young’s modulus was the
layer thickness. Therefore, the only level effectively optimized from the S/N ratio analysis
was the layer thickness. For the other control parameters, the average S/N ratios at all levels
were not statistically different. Because only layer thickness was shown to be significant
to UTS and Young’s modulus, no confirmation experiments were performed. The
contribution of error to UTS and Young’s modulus in ANOVA was 20% and 19%,
respectively. The error contribution was low enough in both ANOVA studies to conclude

that the control parameters significant to the design outputs were adequately controlled.

The effect of layer thickness on the horizontal MEX dogbones was examined by
taking optical microscopy images of the fracture surfaces of the samples. Many of the roads
in the cross sections yielded during testing resulting in highly deformed fracture surfaces.
The custom z-stacking feature of the microscope was used to obtain in focus images of the

uneven surfaces. These images are shown in Figure C.8.
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Figure C.8: Fracture surfaces of horizontal NORYL MEX dogbones. The size of the voids
present between roads increased with increasing layer thickness, resulting in reductions in
mechanical properties.
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The microscope images of the fracture surfaces shown in Figure C.8 showed that
increasing layer thickness increased the size of the voids present between roads. Samples
fabricated with the largest layer height of 0.3 mm had the lowest mechanical properties due
to the loss of load carrying capacity from the increased presence of voids. Dogbones
fabricated with the smallest layer thickness, 0.1 mm, had the fewest, smallest voids and
therefore exhibited the highest mechanical properties. The reduction in void size with
decreasing layer thickness was the result of the increased compression of the NORYL road

as it was deposited at lower thicknesses.

C.3.5 Taguchi method analysis for NORYL grey vertical MEX dogbones

Following the Taguchi method analysis performed using NORYL black to fabricate
horizontal MEX dogbones, an additional process optimization was performed to
understand the effect of heat-treatments on mechanical properties of MEX parts. Because
layer thickness had a large effect on the mechanical properties of the fabricated dogbones,
it was not studied in the subsequent process optimization in order to more closely examine
the other parameters. In addition, the build orientation of the dogbones was changed from
horizontal to vertical. By fabricating the dogbones in the vertical build orientation, the
interlayer bonding strength of the dogbones was characterized. This interface has been
shown to exhibit the weakest bonding in MEX parts [9]-[14]. Based on the increases in
interfacial bonding shown in the NORYL sheets in section C.3.3, it was hypothesized that

heat-treatments could improve the interlayer bonding in NORYL MEX dogbones. Due to
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limited material, NORYL grey was used to fabricate the vertical dogbones instead of

NORYL black used for the horizontal dogbones.

The control parameter levels for print temperature, heat-treatment time, and heat-
treatment temperature used during the process optimization with NORYL grey vertical
dogbones are given in Table C.7. Three horizontal dogbones were fabricated with the print
temperatures and heat-treatment conditions specified in the orthogonal array in Table 5.4.
In addition, three dogbones were fabricated using a print temperature of 295 °C and were
not heat-treated. These dogbones are referred to as room temperature samples throughout
this section. The UTS, Young’s modulus, and strain to failure values for the Taguchi
experiments and the room temperature samples are given in Table C.8. Figure C.9 shows
the stress vs. strain curves for experiments representative of the overall stress vs. strain

behavior of the experiments.

Table C.7: Process parameter levels for the Taguchi analysis of NORYL grey vertical MEX
dogbones.

Parameter Level
1 2 3
A. Print temperature 295°C | 305°C | 315°C
B. Heat-treatment time 10 min | 100 min | 1440 min
C. Heat-treatment temperature | 120°C | 130°C 140°C
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Table C.8: Average UTS, Young's modulus, and strain to failure for NORYL grey vertical
MEX dogbones.

Experiment | UTS [MPa] | Young’s modulus [MPa] | Strain to failure [%)]
1 18.0+ 1.0 1250 + 10 2.0+0.3
2 18.8+0.3 1270 + 78 2.0+0.1
3 17.3+0.2 1270 + 37 1.7+0.1
4 242 +£0.2 1390 £ 91 2.7+0.2
5 26.6+1.9 1430 £ 91 29+0.3
6 24.8+2.2 1400 + 46 27+0.4
7 26.8+2.2 1420 + 92 3.0+04
8 249+ 1.4 1450 + 61 2.6+0.1
9 242+ 1.4 1350 + 26 2.7+0.2

RT 20.6 £1.9 1260 + 41 24+0.5
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Figure C.9: Stress vs. strain curves for NORYL grey vertical MEX dogbones.
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Figure C.9 shows that NORYL grey dogbones printed at the lowest print
temperature of 295 °C (experiments 1, 2 and 3) had the lowest mechanical properties and
the lowest strain to failure values. The lowest UTS (experiment 3) and Young’s modulus
(experiment 1) from the vertical dogbones were 26% and 45% of the bulk UTS and
Young’s modulus, respectively. Compared to the room temperature sample fabricated at
the same temperature as experiments 1, 2, and 3, heat-treatments did not appear to
significantly increase the UTS or Young’s modulus of those samples. Overall, the vertical
dogbones exhibited lower mechanical properties and lower strain to failure values than the
horizontal dogbones. The maximum UTS of the vertical dogbones (experiment 7) was 46%
of the maximum horizontal dogbone UTS and only 41% of the bulk NORYL UTS. The
maximum Young’s modulus of the vertical dogbones (experiment 8) was 81% of the
maximum horizontal dogbone Young’s modulus and only 57% of the bulk NORYL UTS.
This anisotropy and reduction of mechanical properties compared to bulk values was

consistent with previous work with ABS [11].

The S/N ratio for UTS and Young’s modulus were calculated using Equation 5.3
and the average S/N ratio for each control parameter level was also calculated. These
results are shown in the parameter level effect plots in Figure C.10. ANOVA was also
performed to determine which control parameter(s) were significant to UTS and Young’s
modulus. The ANOVA tables for UTS and Young’s modulus are given in Table C.9 and
Table C.10, respectively. The percent contribution of each of the control parameters to the
design outputs is shown in the Pareto plots in Figure C.11. The significance of the control

parameters was evaluated with 99% confidence.
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Figure C.10: Parameter level effect plots for UTS and Young's modulus for NORYL grey
vertical MEX dogbones. The optimum parameter condition for UTS and Young’s modulus
was determined by maximizing the S/N ratio for each control parameter, indicated by the
o on the plot. The optimum parameter condition for UTS and Young’s modulus was a print
temperature (A) of 315 °C, a heat-treatment time (B) of 100 min, and a heat-treatment
temperature (C) of 140 °C.
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Table C.9: ANOVA table for the UTS of NORYL grey vertical MEX dogbones.

Parameter | SS DOF | Var F-ratio % contribution | Significant
A 311.792 | 2 155.896 | 48.43973 | 79.5% Yes

B 8.775 2 4.3875 | 1.363276 | 2.2% No

C 7.463 2 3.7315 | 1.159445 | 1.9% No

Error 64.367 | 20 3.21835 16.4%

Total 392.397 | 26

Table C.10: ANOVA table for the Young's modulus of NORYL grey vertical MEX
dogbones.

Parameter | SS DOF | Var F-ratio % contribution | Significant
A 119724.1 | 2 59862.05 | 9.939049 | 47.0% Yes
B 8019.9 2 4009.95 | 0.665782 | 3.1% No
C 6728.7 2 3364.35 | 0.558592 | 2.6% No
Error 120458.3 | 20 6022.915 47.3%
Total 254931 |26
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Figure C.11: Pareto plots for UTS and Young's showed the percent contributions of each
of the control parameters based on the SS analysis. Print temperature (A) was the only
significant control parameter to both UTS and Young’s modulus. The percent contribution
of error to the Young’s modulus analysis was large because of the low impact of all of the
control parameters.
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The optimum control parameter combination for UTS and Young’s modulus
determined by maximizing the average S/N ratio for each parameter was a 315 °C print
temperature, a heat-treatment time of 100 min, and a heat-treatment temperature of 140 °C
(A3 B2 C3). ANOVA showed that the only control parameter significant to UTS and
Young’s modulus was print temperature. The average S/N ratios for print temperature level
2 and 3 were similar in both UTS and Young’s modulus. The higher print temperatures
could improve road-to-road and layer-to-layer bonding by allowing additional neck growth
to form between the newly deposited road and previously deposited material [15]. This
result was consistent with what was shown for vertical PPS MEX dogbones in CHAPTER
5. Because only print temperature was shown to be significant to improving the mechanical

properties of the vertical MEX dogbones, no confirmation experiments were performed.

The contribution of error to UTS in ANOVA was 16.4%, indicating that
optimization was successful and the control parameters significant to UTS were well
controlled. However, the contribution of error to Young’s modulus was 47.3%. This was
due to the low impact that the control parameters had on the Young’s modulus. The
NORYL grey vertical MEX dogbones had Young’s moduli that ranged from 1250 to 1450
MPa and experiments had an average standard deviation of 60 MPa. Because of the
relatively low impact of print temperature on increasing the Young’s modulus of the
vertical dogbones, the variation due to error in the MEX dogbones made a significant
contribution to the overall change seen in the Young’s modulus. The large contribution of
error indicated that the process optimization for Young’s modulus did not examine control

parameters that significantly influenced the modulus values.
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MEX parts have been shown to have larger levels of variation than standard bulk
parts due to inter-laminar defects from underflow, overflow, or the presence of excess
material that sticks to the MEX nozzle [16]. These error contributions may have been
significant in both the vertical and horizontal NORYL MEX dogbones because the filament
used for fabrication had variations in its diameter, which could lead to inconsistencies in
the MEX deposition. In order to investigate any inter-laminar defects present in the vertical
MEX dogbones, optical microscope images were taken of the side, failure cross section,
and non-failure cross section. The side images are shown in Figure C.12, the failure cross
sections are shown in Figure C.13, and the non-failure cross sections are shown in Figure

C.14. Figure C.15 shows the same images taken of the room temperature experiment.
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Figure C.12: Side images of each of the Taguchi experiments performed for NORYL grey
vertical MEX dogbones. The images are similar for all experiments and the individual
roads with a 90 ° raster angle can be observed.

196



0 750 um

Experiment 2

' 750_um

Experiment 4

750_um

Experiment 7 Experiment 8

Experiment 6

Experiment 9

Figure C.13: Failure cross sections of each of the Taguchi experiments performed for
NORYL grey vertical MEX dogbones. The samples did not fail cleanly at an interface and
instead failed within the layer due to the large voids within the deposited roads.

197



Experiment 1 Experiment 2 Experiment 3

A,

Experiment 4 Experiment 5

Experiment 6

500 | pm
Experiment 7 Experiment 8 Experiment 9

Figure C.14: Non-failure cross sections for each of the Taguchi experiments performed for
NORYL grey vertical dogbones. The images are similar for all experiments and show
rough interfaces due to void present between layers.
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Figure C.15: Side, failure cross section, and non-failure cross section for NORYL grey
vertical MEX dogbones that were not heat-treated. The images are similar to the results
seen in the NORYL grey vertical MEX dogbones exposed to elevated heat-treatment
temperatures in the Taguchi process optimization.

While the side images shown in Figure C.12 do not show obvious inter-laminar
defects in the NORYL grey vertical dogbones, the failure cross sections and non-failure
cross sections shown in Figure C.13 and Figure C.14 show the presence of large voids
within roads and between layers. The failure cross sections showed that the dogbones did
not fail cleanly at a layer interface and instead failed within a layer due to the large voids
present in the roads. The layer interfaces shown in the non-failure cross sections showed
rough interfaces that resulted from voids between the individual layers. The images shown
in Figure C.15 for the room temperature samples were similar to the images of the Taguchi

experiments.

The presence of voids within the roads and between layers could also have
prevented the heat-treatments from significantly improving the mechanical properties of
the vertical dogbones. The results of the lap-shear bonding experiments in section showed
that NORYL could develop interfacial bonding at the times and temperatures used for the

heat-treatments in the Taguchi studies. However, since the voids within the roads resulted
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in failure within the roads instead of at the layer interface, the interlayer bonding strength

was not effectively measured.

A microscope image of the NORYL grey MEX filament used to fabricate the
vertical dogbones is shown in Figure C.16. Air gaps present in the filament cross section
could have led to the presence of voids within the individual roads. In addition, underflow

resulting from voids in the filament could also have resulted in the voids in between layers.

Figure C.16: A cross section of the NORYL grey MEX filament showed voids in the
filament. These pockets could result in underflow in the fabricated MEX parts and could
have been the cause of the large voids seen within roads and between layers in the vertical
MEX dogbones.
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C.4 Conclusions and suggested future work

NORYL was investigated as a new material for MEX. Print temperature ranges for
fabricated NORYL MEX filaments were determined based on the hypothesis that MEX
process variable settings for new materials could be determined by using the rheological
behavior of ABS at MEX conditions as a benchmark. Lap-shear joints fabricated from
NORYL sheets showed that NORYL interfaces could bond at temperatures below and
around the glass transition temperature. These studies were used to set post-processing
heat-treatment settings for optimization with the Taguchi method. NORYL black
horizontal MEX dogbones were fabricated to examine the effect of layer thickness, print
temperature, and post-processing heat-treatments on mechanical properties. The Taguchi
method process optimization showed that decreasing the layer thickness significantly

increased both UTS and Young’s modulus.

An additional process optimization was performed using NORYL grey without
varying the layer thickness to examine if post-processing heat-treatments could improve
the interlayer bonding in MEX parts. MEX dogbones were fabricated in the vertical build
orientation and the effect of print temperature and post-processing heat-treatments on
interlayer bonding was examined. The only control parameter determined to be significant
to interlayer bonding was print temperature. Optical microscopy showed that the vertical
dogbones failed within a layer due to the presence of large voids inside the roads. These
voids were likely the result of flow variations during MEX deposition using the fabricated
MEX filament that contained air pockets within the filament cross section. Because failure

occurred within a layer, the interlayer bonding of the vertical dogbones was not effectively
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characterized and the impact of post-processing heat-treatments on the interfaces could not

be determined.

In order to more effectively measure the interlayer bonding and the effect of post-
processing heat-treatments on improving the mechanical properties of NORYL MEX
dogbones, the voids present in the deposited MEX roads need to be reduced. In future work,
the extrusion method used to fabricate the NORYL MEX filament could be improved to
extrude higher quality MEX filament without air pockets. Future work could also examine
the use of post-processing heat-treatments below and around glass transition using
commercially available amorphous MEX materials. A possible candidate material for
study is HIPS, which has been shown to crack heal below glass transition temperature in

the same studies that examined NORYL [6].
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