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Abstract Fused deposition modeling (FDM) offers many ad-
vantages over conventional manufacturing methods, but it is
limited by the number of materials available. Extending FDM
technology to semicrystalline polymers has been challenging
due to the crystallization that occurs during cooling which
results in FDM part warpage. Previous work used process
simulation models to study the effects of material parameters
and FDM process variables on the part warpage seen using
polypropylene (PP). In this work, the process simulation
models were adapted to investigate warpage of FDM parts
made with a high-performance semicrystalline polymer,
polyphenylene sulfide (PPS). Material parameters in the PPS
process simulation models were individually changed to the
PP values to investigate which material parameters cause PP
to exhibit higher warpage than PPS. Material parameters of
interest included coefficient of thermal expansion (CTE), ther-
mal conductivity, heat capacity, and Young’s modulus.
Additional material parameters based on material property
modification through the addition of fillers were investigated
in order to establish the relationship between material param-
eters and warpage values. The simulation models suggested
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that the CTE has the largest impact on FDM part warpage.
Decreasing the CTE in the simulation model resulted in a
decrease in the FDM part warpage by the same factor.

Keywords Additive manufacturing - Fused deposition
modeling - Polyphenylene sulfide - Coefficient of thermal
expansion - Shrinkage

1 Introduction

Additive manufacturing (AM) is a class of manufacturing
techniques in which three-dimensional parts are constructed
in an additive, layer-by-layer fashion. In AM, a 3D computer-
aided design (CAD) model of the desired part is constructed.
The CAD representation is then converted into an STL file,
which is then “sliced” into thin, horizontal layers in the XY
plane using AM slicing software packages. The slicing soft-
ware also generates a toolpath for the AM machine to follow
in order to construct the original 3D geometry one layer at a
time [1-3]. There are several different types of AM processes
such as stereolithography (SLA), fused deposition modeling
(FDM), selective laser sintering (SLS), and material jetting.
These methods vary based on the precursor materials and the
mechanisms they utilize to fabricate 3D parts layer-by-layer.
FDM is an AM process used to fabricate three-dimensional
parts through layer-by-layer deposition of liquefied thermo-
plastic filament. Fabricating a 3D part with FDM follows the
general procedure outlined for AM previously. Once the CAD
file is converted to an STL file and sliced using the AM slicing
software, the FDM machine follows the generated toolpath to
fabricate the part from the bottom up. Layers are fabricated by
translating a polymer filament through a liquefier chamber
and extruding it out of a nozzle where it is deposited as roads
in positions on the XY plane according to the toolpath. Once
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all the roads in a layer are deposited, the FDM build platform
moves downward in the z direction to allow the next layer to
be built on top of the previous layer. Throughout fabrication,
the three-dimensional part experiences cycles of heating and
cooling as subsequent roads are deposited on cooled layers.

FDM offers advantages over conventional manufacturing
methods for several reasons which are common to many ad-
ditive manufacturing technologies. It can fabricate more com-
plex geometries than traditional machining and molding op-
erations, and its additive as opposed to subtractive nature pro-
vides a capability to use less material to produce a given part.
However, a limited number of materials for FDM limits the
range of applications for the process, whereas traditional
manufacturing methods can accommodate a large library of
materials.

The most commonly used polymer with FDM, acryloni-
trile-co-butadiene-co-styrene (ABS), is an amorphous and rig-
id engineering thermoplastic copolymer, and it has many
properties that are useful for producing prototypes and end-
use parts for some applications. Some of these useful proper-
ties include low cost, durability, and toughness [4-6]. FDM
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 de-
formable, tough, and in general, have higher service tempera-
tures than amorphous polymers [7, 8]. Semicrystalline poly-
mers present challenges in FDM processing due to the shrink-
age that occurs during part cooling and crystallization. During
crystallization, polymer chains are drawn together as they or-
der 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 mate-
rials, and one way that this behavior is characterized in poly-
mers is with their coefficient of thermal expansion (CTE) val-
ue. 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 [9]. Specifically in FDM, the formation of the crys-
talline structure in polymers results in parts that warp and
become detached from the build platform during FDM part
fabrication, resulting in difficulty in fabrication and reduced
part quality. This part warpage is shown schematically in
Fig. 1.

Aside from the use of semicrystalline polymers, another
method used to extend FDM to part production is to use fillers
to increase material properties in polymer systems that are
compatible with the FDM process. The tensile strength, mod-
ulus, and/or thermal conductivity of ABS have been increased
through the addition of fillers such as carbon nanofiber, car-
bon fiber, glass fiber, and metallic particles [10—14]. The
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Fig. 1 Representation of part warpage and shrinkage seen in FDM 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 FDM parts to warp and separate from the build platform when
printing semicrystalline polymers

material properties of other semicrystalline polymer systems,
such as polypropylene (PP) and poly(e-caprolactone) (PCL),
have been similarly modified using fillers such as thermotrop-
ic liquid crystalline polymers, bioactive glass, and glass fiber
for use with FDM [15-19].

While the aforementioned studies focused primarily on en-
hancing the material properties of the FDM feedstock in order
to increase the mechanical properties of the resulting FDM
parts, others have used the addition of fillers to various poly-
mer systems to improve the actual FDM process itself.
Residual stresses and part warpage due to thermal gradients
within FDM parts present challenges during the manufactur-
ing of parts with FDM using both amorphous and semicrys-
talline materials. Previously, these challenges have been ad-
dressed by manufacturing FDM 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 im-
proved the strength and stiffness of final FDM parts. In addi-
tion, the carbon fiber increased the thermal conductivity and
decreased the CTE of ABS. The changes in thermal conduc-
tivity and CTE led to reduced distortion or warpage in the
FDM parts, especially in large-scale manufacturing of FDM
parts [20].

This same concept was also applied to a semicrystalline
polymer, polyphenylene sulfide (PPS) [21]. This work used
a lab-scale FDM machine developed specifically to process
high temperature and high fiber content thermoplastic poly-
mer pellets. This system differs from standard FDM machines
that use thermoplastic filament as the precursor material. The
addition of carbon fiber to PPS led to increased thermal con-
ductivity and decreased CTE as seen in ABS. In addition, the
carbon fiber reduced the die swell seen in PPS when extruded
from the FDM nozzle, slowed down crystallization processes
(both from the melt and upon heating, i.e., cold crystalliza-
tion), 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 FDM with an environment at room temperature. In an-
other case, aluminum oxide and aluminum nanofillers were
used to reduce the crystallinity, reduce the melt flow index,
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Fig. 2 The mesh and simulation set up before road 1 deposition are
shown in a. Adaptive meshing is applied in the extrudate in order to
properly mesh the rapidly changing geometry in road 1 during its
deposition. The final geometry and mesh in road 1 after its deposition is
shown in b. This geometry and mesh were imported and used during road

and increase the thermal properties of polyamide 6 to make it
compatible with the FDM process [22].

Previous work by the authors investigated FDM of an in-
expensive and flexible semicrystalline thermoplastic, polypro-
pylene (PP) [23]. The effects of material properties and pro-
cess variable settings of FDM were examined using experi-
ments and a multistep simulation model that simulated the
deposition and cooling of two FDM filament roads. The re-
sults of that work indicated that some reductions in part warp-
age could be realized by changing process variables.
Specifically, part warpage was reduced with increased depo-
sition speed and increased layer height. Beyond process vari-
ables, 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 copoly-
mers. Experimental results agreed qualitatively with the re-
sults obtained from the simulation model and showed that part
warpage was influenced by material properties. Specifically,
materials with a reduced CTE and/or an increased thermal
conductivity showed reduced warpage.

In this paper, neat PPS is investigated as a material for
FDM using the same simulation model that the authors used
to understand the printing behavior of PP. PPS is a high-
performance semicrystalline thermoplastic known for its
chemical and temperature resistance [24, 25]. Due to the high
melting temperature of PPS, the FDM processing temperature
for PPS is higher than the temperature for PP, 290 vs. 220 °C,

3.000

1 cooling. Road 2 was deposited on top of this mesh and geometry. The
mesh and geometry of roads 1 and 2 are shown in ¢. These final meshes
were used in the warpage and residual stresses simulation in which road 1
was assumed to be fixed to the build platform at a center point shown in ¢

respectively. This higher processing temperature results in
faster convective cooling with the environment and could
cause increased thermal gradients in the FDM part and, based
on previous studies, suggests that PPS could exhibit increased
warpage as compared to PP. However, PPS parts produced by
the authors exhibit very little warpage when fabricated using
FDM, 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 warp-
age when compared to PP through the use of a process simu-
lation model. Material parameters of PPS were parametrically
changed to understand more fully which material properties
have the largest effect on part warpage.

2 Methods
2.1 Process simulation model

The process simulation model used in this work was described
previously in Watanabe et al. [23]. The model used coupled
simulations in ANSY S® Polyflow and ANSYS® Mechanical
to analyze the FDM process from the liquefaction step to the
deposition and cooling steps, examining the effects of material
and process parameters on PP part warpage. Multiple simula-
tion models were used to represent the thermal and mechani-
cal processes experienced during FDM part fabrication. In this
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work, these models were modified to study PPS. The previous
simulation was adapted to simulate the higher FDM extrusion
temperature required for PPS, a higher build platform temper-
ature, and a longer deposition length.

In the FDM process simulation models, 2—10-mm-long
roads of PPS filament were deposited at 290 °C onto a build
platform held at a constant temperature of 85 °C. These tem-
peratures were chosen since they matched the experimental
values used to print PPS with FDM. The build platform was
assumed to be glass and had a heat transfer coefficient of
100 W/m?-°C to match the experimental FDM set up. The
FDM process was broken down into five sequential simula-
tion models: road 1 deposition, road 1 cooling, road 2 depo-
sition, 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 pre-
vious model into the current model as the simulation
progressed through the FDM process. Figure 2 shows the
meshes used in these simulation models.

In the first simulation model, a road of PPS was deposited
through an extrusion nozzle onto the build platform at a vol-
umetric flow rate determined by Eq. 1:

0 =v,WH (1)

where v, was the deposition velocity, W was the width of the
deposited rectangular road, and H was the road height. While
the nozzle used in FDM had a round orifice, the deposited
road adopted an approximately rectangular shape, so that
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Fig. 3 The viscosity of PPS as a function of shear rate. Viscosity
decreases with increasing shear rate and increasing temperature as
expected
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shape was used in this calculation [26]. 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 nozzle
was held in a stationary position as the build platform trans-
lated horizontally at the deposition speed of 15 mm/s. This
deposition speed is similar to the speed used with the FDM
machine for experimental work in this study. As the first road
was deposited on the build platform, the mesh in the extrudate
deformed significantly. In order to properly mesh the chang-
ing 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. The meshes applied to the
build platform, nozzle, and extrudate before layer 1 deposition
are shown in Fig. 2a.

The geometry and temperature profile of the first road were
exported and used in the first road cooling model. In this
model, the build platform temperature was applied to the bot-
tom surface of the first road while the outer surfaces were
subjected to convective cooling with air at an ambient temper-
ature of 20 °C. The mesh and geometry used in this step are
shown in Fig. 2b. The cooling simulation was run over a time
equal to the deposition time plus 1 s. The deposition time
corresponded to the horizontal movement of the build plat-
form back to its original position, and the 1 s corresponded to
the time required for the vertical movement of the build plat-
form downward to prepare for the second road deposition.

Second road deposition and cooling proceeded in a manner
very similar to the first road deposition and cooling. The sec-
ond road was deposited on top of the first road that was char-
acterized by the exported geometry and temperature profile
from the previous simulation model. During the second road
deposition, conductive heat transfer occurred between the two
roads by utilizing the fluid-to-fluid contact capability in
ANSYS® Polyflow. The second road was then allowed to
cool for 10 s. The geometries and final meshes in the first
and second roads are shown in Fig. 2¢. 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 roads 1 and 2 cooling simulation
model and imported into ANSYS® Mechanical to conduct
structural analysis in the final process simulation model. 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 Fig. 2c.
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Fig. 4 A viscosity surface plot ]
for PPS was constructed by fitting 4%
Eq. 4 to the experimental data.
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The wide range of temperatures that occur during FDM made
it necessary to consider many material parameters as a func-
tion of temperature [3]. 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 FDM process by using
the power-law viscosity model shown in Eq. 2:

=K()" @)

where 7 is viscosity, 7 is shear rate, and K and » are power-law
fit parameters. The temperature dependence of the viscosity
was assumed to be described by an Arrhenius model shown in
Eq. 3:

H(T) = e[a(ﬁl—"ﬂ (3)

Table 1

perature. The final viscosity equation for PPS combined the
dependence of viscosity on shear rate and the dependence of
viscosity on temperature [27]. This expression is given in
Eq. 4.

n=H(T)ng,(7) (4)

Experiments were conducted on a capillary rheometer, the
Dynisco LCR7001 [28], at various shear rates and tempera-
tures 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 FDM process, 100 to 10,000 5! [3,
16], were used at temperatures 300, 310, 320, 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 vis-
cosity. No Bagley correction was performed due to limited
capillary dies available for use. The viscosity as a function

Material properties of PPS and PP used in the simulation models [23, 29, 30]

Material property PPS

PP

Viscosity expression

Density 1350 kg/m®

Coefficient of thermal
expansion

Thermal conductivity 0.288 W/(m-°C)

Heat capacity per unit mass 1001 J/(kg-K)

Surface tension coefficient 38 mJ/m>
Young’s modulus 4.5 GPa
Poisson’s ratio 0.38

n = elP3(rmnloa.61(4) %

5.04 x 107> m/(m-°C)

= el )] 3346 4() 0

900 kg/m’
1.5 10 m/(m-°C)

0.2 W/(m-°C)
1920 J/(kg-K)
30.5 mJ/m?
1.75 GPa
0.38
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Table 2 Process variable settings for process simulation models [23]

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

of shear rate obtained from experiments at each temperature is
shown in Fig. 3. The viscosity equation given in Eq. 4 was fit
to the experimental data. Using this equation, a viscosity sur-
face 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 Fig. 4.

Table 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 [23]. Most of these values were obtain-
ed 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. Additionally, the volume contrac-
tion during crystallization was not captured explicitly in the
simulation. Instead, CTE was used to describe the differences
between the materials. Future work may be modified to obtain
more quantitative results.

In this work, the 2D simulation models by Watanabe et al.
to model PP parts fabricated with FDM were modified in
order to model PPS FDM parts [23]. The deposition temper-
ature, deposition length, deposition speed, build platform tem-
perature, and material parameters were modified in order to
simulate the deposition of PPS in FDM. Due to the dramatic

decrease in part warpage seen in the PPS simulation model,
material parameters of PPS were then individually changed to
values of PP to examine the effects of material parameters on
part warpage in FDM part fabrication.

2.3 FDM additive manufacturing machine

The FDM additive manufacturing machine used in this work
to validate the results of the process simulation models was the
HYREL System 30 from HYREL 3D [31]. The open hard-
ware and software in the HYREL System 30 give users a large
amount of control over the FDM process. The extrusion head
and heated build platform are enclosed in a build chamber to
keep the environmental conditions stable. The extrusion head
used in this work could accommodate temperatures from 250
to 450 °C and used a spring mounted roller to translate the
FDM filament into the liquefier chamber. The spring mounted
roller allowed for filaments with varying diameters to be trans-
lated into the chamber without clogging or stalling. The hard-
ware used a modified version of the Repetier [32] controller
software, known as Repetrel, created by Hyrel. Within
Repetrel, various process settings such as extrusion tempera-
ture, build platform temperature, filament feed rate, and the
nozzle z position could be adjusted in real time during part
fabrication. Repetrel instructed the print head where to deposit
filament based on CAD models through toolpath information
in a G-Code file. The G-Code used in Repetrel was written
using the common slicing CAD software slic3r [33]. Slic3r
had a variety of adjustable settings such as layer height, depo-
sition speed, solid/infill patterns, and more that control how a
CAD model was realized through the deposition of liquefied
filament in the FDM machine. Validation parts were con-
structed using PP FDM filament obtained from Gizmo
Dorks and PPS monofilament.

Since Watanabe et al. showed that process variable settings,
such as deposition speed and layer height, affected part warp-
age in PP [23], a consistent set of process variables was used
in the simulation and experimental work. The values of those
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deposited, it experiences : _
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environment at 20 °C and 261.1
conductive cooling with the build ' BL_ [ |
platform at 85 °C 253.9

2400 t=0.267s t=0.400 s

239.4

232.2

L E— L B —
2249
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process variables are given in Table 2. PPS and PP parts were
fabricated using the process variables in Table 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 to 290 °C to accommodate the higher
melting temperature of PPS, 280 °C, and the build platform
temperature was increased from 80 to 85 °C. The deposition
length was increased to 10 mm to better represent the scale of
typical FDM parts without significantly increasing the com-
putation time of the simulation models. Significantly larger
deposition lengths would have resulted in much larger simu-
lation model computation times.

3 Results
3.1 PPS simulation model and experimental validation

The sequential simulation models demonstrated the FDM pro-
cess of PPS. Figure 5 shows the temperature distribution and

Table 3 Temperatures

seen in road 1 deposition Temperature  PPS PP

in PPS and PP simulation

models [23] Tinax 290.0 °C  220.0 °C
Timin 217.7°C  199.6 °C
AT 723°C  204°C

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 ther-
mal gradients present in the first road deposition were larger
than the thermal gradients when depositing PP in previous
work. The slower deposition speed, 15 versus 20 mm/s, re-
sulted in a longer deposition time. This contributed to an in-
crease in thermal gradients in the road. The longer deposition
length, 10 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 Fig. 6. Table 3 shows the differences
in temperatures seen in the first road deposition.

During the cooling step, the first layer cooled for 1.67 s
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 de-
posited at 290 °C and cooled to approximately 100 °C in
0.239 s. In the previous study with PP, the first road was
deposited at 220 °C and cooled to approximately 122 °C in
0.25 s [23]. The faster cooling seen in PPS is due to the larger
difference between the deposition temperature and the envi-
ronmental temperature.

The temperature distributions and filament shapes during
the second road deposition and roads 1 and 2 cooling are
shown in Figs. 7 and 8, respectively. The procedure for this
simulation model was similar to the procedure described for
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Fig. 7 Temperature distribution l 200.03
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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 s to
allow the roads to cool completely from their deposition.

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 Fig. 7. Road 2
and the reheated road 1 then cooled together and crystallized
causing warpage and simultaneously inducing residual stress-
es. The part warpage and residual stresses of the two deposited
roads are shown in Figs. 9 and 10, respectively. In Fig. 9, 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 Fig. 9 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 10 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. [23].

Because the process simulation models were computation-
ally intensive, only two layers that were 10 mm long were
simulated. In order to validate the model, PPS FDM parts

were fabricated using the HYREL System 30. The fabricated
parts were 0.4 mm tall 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, 20, 40, 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. [23]. 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 be-
tween 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 Eq. 5:

H W?

"T2sE

—~
W
~—

where W is the deposition length and H is the warpage calcu-
lated using the process simulation models. The radius of cur-
vature was calculated for PPS and PP using the warpage re-
sults obtained from the process simulation models [23]. These
radii were then used to calculate the warpage for varying de-
position lengths. The larger radius of curvature for PPS

Fig. 8 Temperature distribution

during roads 1 and 2 cooling of g?; :nzax
PPS. After road 2 deposition, the 24, 4' 44
deposition nozzle moves off the 221: 67
geometry and the two roads begin 19860
cooling together through 176.11
convective cooling with the 153,33
environment and conductive 130,56
cooling with the build platform. 107.78
The roads are allowed to cool for 85 Min
10 s, but they cool completely in [C]
1.75s
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Fig. 9 Warpage exhibited by PPS in the process simulation model. PPS roads 1 and 2 exhibit a warpage of 0.017 mm after cooling together for 10 s. The
inset shows the geometry to scale while the main figure is scaled by a factor of 10 to show the shape the warpage exhibits

corresponded to lower warpage values when compared to the
smaller radius of curvature of PP. The simulation models pre-
dicted 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.

As previously described, warpage experienced by FDM
parts causes them to separate from the build platform during
fabrication. This behavior was observed by Watanabe et al.
[23]. However, when fabricating PPS parts with FDM, no
warpage was visible for any of the fabricated geometries and
the entire part remained completely adhered to the build plat-
form. 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
Fig. 11. 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 Fig. 11, 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 [23].

3.2 Parametric studies based on material parameters

The parametric studies of the warpage simulation model were
conducted by changing the material parameters in the PPS

34.417 Max

30,593

26.769

22,944

19.12

15.296

11.472

7.6482

3.8241

2.3128e-6 Min [MPa]

model to determine which material properties affected part
warpage. Values for PP were used in addition to other logical
values. The material parameters of interest were CTE, thermal
conductivity, heat capacity, and Young’s modulus. Table 4
shows the warpage value obtained from the PPS process sim-
ulation 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 warp-
age value of 0.017 mm obtained using the base PPS process
simulation models.

The CTE showed direct scaling with the warpage value
in the process simulation models. In the PPS process sim-
ulation 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. The warp-
age vs. deposition length plots for PP, PPS, and the PPS
process simulation with a modified CTE value are shown
in Fig. 12.

The effects of changing multiple material parameters at
once were studied using different combinations of CTE,
thermal conductivity, and heat capacity values in the PPS
process simulation model. Table 5 shows the warpage
value obtained for the simulations along with how it com-
pares to the warpage value from the base PPS process
simulation models.

As seen in Table 5, some material parameters have a
more significant effect on warpage when changed in

Fig. 10 Residual stresses in roads 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 exhibits

@ Springer



2068

Int J Adv Manuf Technol (2018) 95:2059-2070

Fig. 11 Validation parts were printed using PPS and PP. FDM 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

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 pa-
rameters 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 con-
ductivity 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 mod-
ify the thermal and mechanical properties of the combined
system, or polymer composite [34]. Fillers in polymer com-
posites can have various structures, such as particles or small
fibers, and can be used in various loading amounts. Both in-
organic 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 expan-
sion values. Specifically, the addition of aluminum nitride
(AIN) lowered the CTE and simultaneously increased the
thermal conductivity of polyethylene polymer composites
[35]. Lee et al. [35] showed a decrease in the CTE of
polyethylene from 198 to 31.7 ppm/°C with the use of

Table 4 Warpage of PPS simulation models with adjusted material
parameters

PP pargmeter used with PPS Warpage eree Warpage,ane
simulation model (mm) Parameterss ~ Warpagepps
Coefficient of thermal expansion 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

@ Springer

build platform for the duration of printing. The PP part warped and
separated from the build platform during printing

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 typi-
cally 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 [34].
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) [36]. 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 intro-
duction of carbon nanotubes [37]. Based on this possibil-
ity, the thermal conductivity value for PPS was doubled
and used in the simulation model with the other PPS ma-
terial parameters.

The addition of particles to polymers can increase the
Young’s modulus of the polymer matrix. The use of vari-
ous discontinuous organic, and inorganic fillers have been
studied for this purpose and the effect of filler loading on

18
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Fig. 12 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.
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Table 5 Warpage of PPS simulation models with multiple adjusted
material parameters

PP parameter used with PPS simulation model Warpage

Warpage, ,yanee
(m) Warpageppg
Coefficient of thermal expansion + thermal 0.051 3.04
conductivity
Coefficient of thermal expansion + heat 0.050 2.99
capacity
Thermal conductivity + heat capacity 0.017 1.01
Coefficient of thermal expansion + thermal 0.051 3.03

conductivity + heat capacity

the modulus can be modeled using the Guth-Gold model
given in Eq. 6.

EE: (1+2.5p+ 14.1¢%) (6)
where Ej is the modulus of the polymer and ¢ is the filler
volume fraction [38]. The use of AIN particles in
polyvinylidene fluoride increased the modulus from 2.2
to 15.51 GPa [39]. This value is much larger than the
Young’s modulus of PP and PPS. A Young’s modulus val-
ue 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 warp-
age. Table 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.

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 ther-
mal 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.

Table 6 Warpage of PPS simulation models with additional adjusted
material parameters

Adjusted parameter used with Warpage , . et Warpagew
PPS simulation model (mm) pammg,:;::: Wa'ra;:::
Coefficient of thermal expansion 0.011 0.63 0.63
Thermal conductivity 0.017 2.00 0.99
Young’s modulus 0.017 333 1.00

4 Conclusions

In this study, the FDM 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 depo-
sition and cooling of two polymer FDM 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 differ-
ences were attributed to different deposition temperatures,
lengths, and speeds. In the PPS process simulation, a higher
deposition temperature, longer length, and slower deposition
speed were used which resulted in larger thermal gradients
throughout the FDM part.

The difference in warpage between PP and PPS experimen-
tal parts was investigated using the process simulation models.
Various material parameters of PPS were adjusted to the
values for PP to determine their effect on part warpage:

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

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

* Changing heat capacity did not appear to have a signifi-
cant effect on part warpage.

* 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 in-
crease the Young’s modulus. These modifications all led to a
decrease in FDM part warpage in the simulation models.
Overall, these process simulation models provide insight into
which material properties most affect FDM part warpage. In
addition, they provide a means to determine how fillers used
in polymer composites could affect their performance in the
FDM process.
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