International Journal of Material Forming (2021) 14:121-131
https://doi.org/10.1007/512289-019-01523-1

ORIGINAL RESEARCH

Computational analysis of the extrusion process of fused deposition

®

Check for
updates

modeling of acrylonitrile-butadiene-styrene

Nafiseh Shadvar' - Ehsan Foroozmehr'

- Mohsen Badrossamay ' - Iman Amouhadi’ - Alireza Shojaei Dindarloo?

Received: 18 April 2019 / Accepted: 25 October 2019 / Published online: 26 December 2019

© Springer-Verlag France SAS, part of Springer Nature 2019

Abstract

Die swelling is one of the paramount factors that impresses dimensional accuracy and quality of functional parts in Fused
Deposition Modeling (FDM), one of the most famous Additive Manufacturing (AM) processes. Die swelling is considered a
critical phenomenon in polymer extrusion process affected by melt flow rate, extruder temperature and its geometry. In this
research, the ABS melt polymer behavior in the extrusion process of FDM and the die swell of extruded polymer have been
investigated by empirical experiments and simulated by the Finite Element Method (FEM) using rheological properties of ABS.
The internal geometry of the nozzle is investigated via analytical simulation and finite element analysis to obtain pressure and
velocity distributions of the material inside the extruder as well as the die swell of extruded filament. Additionally, experiments
were carried out to validate the analytical and numerical simulations. The results showed that higher melt temperature and lower
material flow rate result in less pressure drop inside the nozzle and less swelling of the extruded filament.

Keywords Additive manufacturing - Fused deposition modeling - Polymer extrusion - Die swell - Rheological properties

Introduction

Fused Deposition Modeling (FDM) is one of the most well-
known and widely used additive manufacturing methods in
which the parts are manufactured layer by layer and based on
the extrusion of polymeric filament [1]. In this process, a 3D
CAD model of an intended part is transferred to the FDM
machine in a form of sliced layers. In the FDM machine, a
solid filamentous polymer is fed by rollers into the extruder
liquefier, and transformed to the semi-molten state by a ther-
mal coil wrapped around the liquefier. The semi-molten poly-
mer is extruded through a nozzle by entering the solid fila-
ment, acting as a piston on it, and deposited on the substrate
during the nozzle movement toward X and Y directions [2, 3].
Following the completion of the first layer, the substrate
moves downward as thick as one layer toward Z axis for
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having a subsequent layer construction and the designed part
is likewise manufactured layer by layer as it is shown in Fig. 1
[4, 5].

FDM-made parts have many applications in creating
concept designs, casting patterns, and various medical,
aerospace, and automotive industries [6—8]. Moreover,
many composite and polymeric materials including
plylactic acid (PLA), polycarbonate (PC), polycaprolactone
(PCL), and acrylonitrile-butadiene-styrene (ABS) are used
for part manufacturing in the FDM process [9, 10]. Among
such materials, ABS is an engineering thermoplastic poly-
mer widely used in the industry for its mechanical and pro-
cessing specifications. ABS is an amorphous polymer made
of three monomers: acrylonitrile, butadiene, and styrene,
and it has different characteristics depending on the percent-
age of each monomers. Some of the unique characteristics
of ABS, compared to other polymers, are its strength, im-
pact resistance, durability, and high melting point [8, 11].
Therefore, this polymer is a suitable material to use in the
FDM process for manufacturing parts in major industries,
such as automotive and aerospace. The most significant pa-
rameters of the polymer extrusion process in the FDM are
inlet flow rate of the filament into the extruder, the extruder
temperature, and its geometry. A change in each of these
parameters affects the behavior of the extruded polymeric
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Fig. 1 The FDM machine

melt and consequently, the final part and its dimensional
accuracy [12].

In the extrusion process, non-Newtonian semi-molten
polymer streams in the mold. The polymeric chains are
aligned with the flow direction because of shear stress forma-
tion along the die wall. These chains tend to return to their
original and non-aligned state in the extruder nozzle outlet due
to the elasticity of the polymer leading to an increase in diam-
eter of the extruded polymeric raster (Fig. 1). This phenome-
non is called “Die Swell”, which is measured as the ratio of the
extruded polymer diameter to the extruder die diameter. Die
swell is one of the most important parameters determining the
dimensional accuracy and the quality of production in the
FDM process [13, 14].

A number of researches and analyses of the FDM process
have been carried out; however, modeling of the molten polymer
flow in the liquefier and nozzle outlet has not been clearly stud-
ied. Bellini modeled the FDM process for a thermoplastic fila-
ment loaded by ceramic powder. She investigated dynamics of
melting region and nozzle geometry using inner extruder pres-
sure equations and the FEM, and determined its die swell values
[15]. Ramanath et al. modeled the extrusion process in the FDM
for Polycaprolactone (PCL) by the FEM and analytical simula-
tion to study the behavior of molten polymer flow and the influ-
ence of nozzle geometry variations. They concluded that the
change of nozzle diameter and angle affects directly on the pres-
sure drop along the melt flow channel [16]. Nikzad et al. carried
out the finite element analysis to investigate the melt flow behav-
ior in FDM in order to study the process ability of ABS and iron
particles composite using two CFD software. Their results were
shown as the profile of pressure drop, velocity and temperature
along the flow channel [17]. Saadat et al. investigated the melt
viscoelastic behavior and the die swell of ABS and ABS/clay
nanocomposite, and their results of experiments illustrated the
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significant reduction in the die swell of nanocomposite samples.
[18] Agrawal also examined the effect of changing nozzle geom-
etry on the distribution of pressure drop for PCL scaffold material
in the FDM process. His results showed that the reduction in
nozzle diameter and angle can lead to increase pressure, which
causes better resolution in fabrication. [19]. Heller et al. investi-
gated the effects of die swell and nozzle geometry on the FDM
extrusion process for a carbon fiber polymer composite using a
computational approach. Their results indicated that the die swell
has a large effect on the fiber orientation and the resulting me-
chanical properties. [13]. It seems necessary to conduct the re-
search on the behavior of molten polymer flow in the entire FDM
extrusion to determine how the process conditions of the FDM
process affect die swell, which have a significant effect on the
mechanical properties and dimensional accuracy of
manufactured part.

In the present research, a finite element method established
to investigate the die swell in a FDM extrusion process using
ABS filament. The effects of inlet flow rate and extruder tem-
perature on pressure distribution of the extruder were
inspected and compared to the results of analytical simulation
for validation of the results. Subsequently, the die swell rate in
the nozzle outlet was modeled by FEM for the extruded poly-
mer flow according to the viscoelastic properties of the ABS
polymer. This analysis was validated by comparing the results
with experimental measurements.

Materials and methods
FDM machine parameters

A FDM RapMan 3.2 machine, equipped with a direct extru-
sion system, is used to investigate the behavior of the ABS
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polymer in the extrusion process. In this machine, rollers are
placed on top of a vertical extruder for a direct feeding of the
filament. The extrusion system itself consists of a liquefier
with a diameter and length of 3 and 20 mm, respectively,
and a nozzle with a 0.5 mm outlet diameter. The other param-
eters that affect the process of extrusion and manufacturing a
part in the FDM machine include extruder temperature, mate-
rial flow rate and extruder geometry.

Physical properties of ABS

In this study, a white ABS filament(Y&S) with 3mm diameter
has been used. Table 1 shows the physical and thermal prop-
erties of ABS which has a glass transition temperature (7) at
about 106 °C [20].

Variable parameters

In order to study the extrusion process of the ABS in the FDM
machine, the temperature and mass flow rate of the polymer
through the extruder are varied. The extruder temperature is
set at three values of 220, 240 and 260 degrees Celsius. The
outlet flow rate is determined by adjusting the feeding rate of
the ABS filament through the extruder head using the rotary
speed of its electrical motor equal to 8, 20, and 40 rpm. The
equivalent volume flow rates are shown in Table 2.

FEM simulation

Flow profile of polymeric melt in the extruder can be achieved
by solving simultaneously the Navier—Stokes equations: con-
tinuity (Eq. 1) and momentum (Eq. 2) [22].

Vo =0 (1)
o __ _
P +pp VU =-Vp+V3y+pg (2)

Where v refers to velocity, p is density, o is stress tensor, p
is hydrostatic pressure, and g is gravitational constant. This
system of equations describes the governing equation of vis-
cous flows in laminar state. In addition, energy equations shall
be solved for non-isothermal flows through the flow domain.
Moreover, polymeric melts classified as non-Newtonian fluids

Table 1 Physical and thermal properties of the ABS filament [20, 21]
Density  Thermal Heat capacity Thermal expansion

% ) conductivity (%) (FJ.K ) coefficient (% )

1200 0.2 1680 60x10°°

Table 2  Volumetric flow rate of the ABS in the FDM extruder head at
three motor rotational speeds

Motor rotational ~ Measured weight of Calculated volume
speed (rpm) material in the outlet (g) flow rate (mm°/s)
8 0.055+0.001 0.9

20 0.125+0.004 2.1

40 0.241+0.002 4.0

and their rheological properties are temperature dependent. By
implementing suitable rheological equation for viscosity of
polymer and its temperature dependency on the general flow
equations, a system of equations achieves which can express
flow properties in this particular domain.

In order to reduce the computational costs, with respect to
the geometry and loading symmetry, an axisymmetric model
is considered. In the liquefier and nozzle section, the polymer
behavior is generalized toward the Newtonian state. While in
the nozzle outlet region, due to the high shear stress, the poly-
mer exhibits viscoelastic behavior [23, 24]. Thus, the finite
element simulation is divided into two steps with two different
non-Newtonian models for calculations.

Step 1

In the first step of the simulation, velocity profile and pressure
distribution are investigated inside the liquefier and the ex-
truder nozzle. A fine quadrilateral type mesh with minimum
mesh size of 8.2x10 > mm is used. This model is used to solve
motion and energy equations in a non-homogeneous and
steady state flow. The two-dimensional mesh and the bound-
ary conditions are shown in Fig. 2. The melt material enters
the extruder at a fixed temperature at 200 °C and is conducted
by the thermal flux imposed by the liquefier wall. No slip
condition is imposed on the walls [22, 25].

A generalized Newtonian model is defined for the melt
flow behavior. The viscosity of the molten polymer is affected
by the shear rate and melt temperature [23]. Therefore, Eq. (3)
is used to determine this relationship:

M= F(y)H(T) (3)

Where F(v) defines the shear rate function and H(7) is the
temperature function.

A capillary rheometer (Rheoscope Ceast1000) was used to
obtain rheological characteristics of the ABS polymer accord-
ing to ASTM D3835 [25]. This machine included a
71.63 mm? cross-section compartment, the capillary diameter
of 1 mm, and the length of 20 mm. The test was performed at
three temperature degrees of 220, 240 and 260 °C and the
shear rate ranges from 10 to 1000s'. The shear rate of the
polymer melt in the capillary wall is calculated using the
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Fig. 2 Geometry, mesh, and
boundary conditions of the first
step
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volume flow rate obtained from the piston speed and cross-
sectional area, according to Eq. (4).

_ 40

ol

Va (4)
Where 9yu is the shear rate, Q refers to the volume flow rate,
and r is the piston radius. The wall shear stress is also obtained
in accordance with the Bagley correction [25], by the differ-
ence between the atmospheric and the compartment pressure
obtained from the force ratio to cross-sectional area of the
compartment (Eq. 5).

_rAP

Tw = L (5)

Where T, is the wall shear stress, AP is the pressure differ-
ence, r is the piston radius, and L is the capillary length. The
viscosity correlated to the shear rate of the polymer is equal to
the ratio of wall shear stress to the shear rate (as Eq. 6).

Tw
Ng = z (6)

The results regarding shear rate and viscosity are true for
Newtonian fluids, while for non-Newtonian ones such as
polymer melts, these values are apparent and the true shear
rate and viscosity are thus to be obtained [26]. The true shear
rate is obtained by the Rabinowitsch correction [25], from the
apparent shear rate and the slope of the shear stress versus the
apparent shear rate (Eq. 7).
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Where 7 is the true shear rate, -, is the apparent shear rate, and
n is the slope of the shear stress versus the apparent shear rate.
Therefore, the true viscosity of the polymer is calculated using
the wall shear stress and its true shear rate. Fig. (3) shows the
logarithmic diagram of true viscosity versus true shear rate for
ABS at three different temperatures.

As shown in Fig. 3, the viscosity shear rate dependency of
the ABS can be expressed using power law rheological model

(Eq. 8).
n=k("" 8)

Where 7 is the true viscosity, 'y is the true shear rate, k is the
material consistency, and # is the power law index. In Table 3
the values of 7 and & have been obtained from the curve fitting
of rheometry data and # is the norm of residual value for curve
fitting.

The viscosity-temperature dependency of the ABS is also
determined using the Arrhenius equation (Eq. 9) and the dia-
gram of true viscosity versus temperature.

H(T) = exp (oc (%—TL)) 9)

Where « is the activation energy and 7, is the reference tem-
perature in which H(T)=1. « is obtained by measuring the
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In order to validate the finite element simulation and to show
the precision of its calculations, an analytical approach has m AL/ 1 1
been used to investigate the melt flow and pressure in the  AP; = ———— (—) (—;_ ;) (11)
3tan( /2) (%) Dyn Dy

extruder. The extruder governing equations for flow and pres-
sure has been established regarding the internal geometry of
the extruder die. As it shows in Fig. 4, the extruder geometry
has been divided into three zones; where zone 1 is the liquefier
and zones 2 and 3 are the conical and capillary zones of the
nozzle, respectively.

The governing equations has been solved using the follow-
ing assumptions: laminar flow, steady state regime, incom-
pressible flow, no-slip on the walls, and no gravity forces.
Using the principle of equilibrium of mass in any element
and substituting power law equation for viscosity of the
ABS in the flow equation, the pressure drop can be described
as follows [15, 19]:

1

1 m

v\u | m+3 11
AP, = 2L, (_> — xp(*(F7)) (10)

@7\
Table 3 Power law index and material consistency at various
temperatures
Temperature (°C) n k (Pa. s") n
220 0.45 10,779.53 0.11
240 0.57 3760.97 0.22
260 0.60 2434.44 0.18

{(D'/2)2.2(’”+3).(m + 3)] "xp((F))

AP; = 2L, (%)% (%) se(a(75)) (12)

Where v is the material speed, L, and L, are the length of
zones 1 and 3, Dy and D, are the diameters of zones 1 and
3, and « is the angle of zone 2. Here the power law equation
for viscosity is represented as v = 7™ [16, 19] associated
with shear rate and shear stress. Thus, the total pressure drop
can be calculated as follows:

AP = APy + AP, + AP3 (13)

Step 2

The second step of the simulation, including the capillary of
the nozzle and the extruded polymer, was carried out to inves-
tigate the die-swelling phenomenon. The two-dimensional ge-
ometry model, which is created by the quadrilateral mesh type
and applied boundary conditions, are shown in Fig. 5. It is
assumed that the flow rate at the inlet of the capillary is uni-
form with constant temperature and the semi-molten ABS
polymer is incompressible. In this section, the polymeric melt
on the flow temperature of 220, 240 and 260°C is extruded

@ Springer
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Fig. 5 Geometry, mesh and boundary conditions of the second step

from the nozzle to a free surface condition where the temper-
ature is considered to be the room temperature.

In the capillary of nozzle, the high shear stress from the
nozzle wall orients the molecular chains of the polymeric melt
in the flow direction. As the material exits the die and the shear
stress is removed, the long molecular chains tend to regain
their original shape. The deformation is said to be in the vis-
coelastic range. So in the FE model, the material characteristic
is considered as a linear viscoelastic model (Eq. 14). As indi-
cated, total stress 7(¢) is the sum of stresses generated at each
step from ¢ to ¢, and ~ is the shear rate. In this model, The
relaxation of the molecules is described by relaxation modulus
G [23].

(1) = [, G(~)y(¢')dl (14)

Rheometer test used to characterize the linear viscoelastic
properties of polymers involves dynamic load of the material
at a strain amplitude at changing frequency. Two viscoelastic
moduli: storage modulus G’ and the loss modulus G ',
representing the elastic and viscous part respectively, the
amount of energy stored in the material and the amount of
energy dissipated in the deformation, have been determined
according to Eq. (14). The relation between the viscoelastic
moduli and angular frequency(w) can be expressed as

@ Springer

complex viscosity(") consisting of the viscous and elastic
parts (Eq. 15).

'l =/ (0 +n7?) = [(%)er(%)z

G|

(15)

Cw

The viscoelastic parameters of ABS were obtained by
Saadat et al. using Rheometric mechanical spectrometer with
parallel plate system [18].

Results and discussions

Temperature, velocity, and pressure distribution
in the extruder

The temperature distribution of the ABS in the extruder chan-
nel is depicted in Fig. 6 for the flow rate of 2.1’”A—’Y"3. As indi-
cated, the material temperature reaches 260°C by traveling
about 30% of the liquefier. For comparing the material behav-
ior in other flow rates, the temperature distribution versus
central axial along the extruder die is shown in Fig. 7 for three

flow rates. For flow rate of 0.9’”7’"3, the melt ABS temperature
reaches 260°C at about 10mm before outlet. However, for

flow rate of 4.0"’T’"3 it happens at about 2mm before outlet.
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Fig.6 The ABS temperature distribution in the molten stream channel for
the flow rate of 2.1 ”’—’:’3 FEM
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Fig.7 Temperature distribution versus central axial along the extruder die
for three flow rates, FEM

The same behavior of melt is repeated for temperatures at 220
and 240°C.

The extruder pressure distribution for the inlet flow rates of
0.9,2.1,and 4.0 me3 and different temperature degrees at 220,
240, and 260 °C are calculated. Fig. 8a, b demonstrates the
contour of pressure distribution of the molten ABS in the
extruder for flow rate of 2.1”’7’”3 at 260°C. According to Fig.
8a, b, the highest pressure is found to be in the stream at the
liquefier equal to 2.051 x 10°Pa. The pressure is dropped rap-
idly by approaching the outlet.

The results of pressure distribution along the central axial
of the extruder are presented in Fig. 9 for three flow rates at
temperature of 260°C. As indicated, as well as for other tem-
peratures at 220 and 240°C, three diagram have the same trend
at the liquefier and in the nozzle outlet, all of them decrease to
zero. For supporting this results by analytical simulation, ac-
cording to the equation of continuity (Eq. 1) and momentum
(Eq. 2), the pressure is dropped by the reduction of the channel
diameter as a sequence of velocity increase in the smaller cross
sections.

To investigate the temperature effects on pressure distribu-
tion, Fig. 10 shows the extruder maximum pressure versus
temperature in various flow rates for the finite element simu-
lation and analytical simulation. As indicated in Fig. 3, the
viscosity decreases by increasing the temperature, and there-
fore, less pressure is expected by increasing the temperature.
In Fig. 10, the similar trend is reported for both analytical and
FE simulations. However, there is average of 10% difference
between their values. This can be explained by the fact that the
analytical model contains simplifications for pressure equa-
tions as well as lack of longitudinal stream velocity. Similar
observations have been reported by Ramanath et al. [16] and
Mostafa et al. [18].

As Fig. 11a, b shows, the velocity contours of the semi-
molten ABS stream in the FDM extruder for the flow rate of

2. mez and temperature at 260°C, the stream velocity is uni-

form and constant in the longer length of the liquefier.
However, as indicated in velocity diagram on three lines, a,
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1.025e+005

.[ 8.204e+004
- 6.153e+004
4.102e+004
2.051e+004

-2.761e-001
[Pa]

L.

PRESSURE
Pressure Contour

2.051e+005
1.846e+005
1.641e+005
1.436e+005
1.231e+005
1.025e+005
8.204e+004
6.153e+004 Y
4.102e+004
2.051e+004

-2.761e-001 0 0.001 (m)
[Pa] [ —
0.0005

(b)
Fig. 8 a, b Pressure distribution of the ABS for flow rate of 2.1 me3 and
temperature at 260 °C; FEM
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As the result of second section of simulation, the shear rate
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1.850e-003
b and ¢ (Fig. 2) in the extruder channel in Fig. 12, the velocity 0.000e+000
increases in the conical region of the nozzle and capillary part [m s*-1]
due to the decrease of cross section area. Therefore, the wall
shear stress increases significantly and reaches its maximum
value before leaving the nozzle. The higher shear stress leads
to higher polymer chains alignment, which affects the die
swell the most. Therefore, it is critical to calculate the velocity
and shear rate values in narrow part of the nozzle. In the next
section, this phenomenon is investigated.
Y
0

distribution in the capillary region of the nozzle and the die
swell phenomenon at its outlet is shown in Fig. 13 for the
extruder temperature of 260 °C and flow rate of 2.1 ’”T’”S As
well as, the diagram of Shear rate versus X axial for three
distance of Y axial is depicted in Fig. 14. As indicated, the
shear rate in the capillary(Y = 0.35mm) increases near the cap-
illary wall due to the no-slip condition and it has highest value
at the nozzle outlet(Y = 0.0mm). As the polymer melt is ex-
truded out from the nozzle outlet, the shear rate reduces

x10°
12k FEM Analytical simulation
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Temperature (°C)
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Fig. 10 Pressure diagram versus temperature in various flow rates for
FEM and analytical simulation
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Fig. 11 a, b: Velocity distribution of the ABS for flow rate of 2.1 %’ﬁ and

temperature at 260 °C
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Fig. 12 Velocity diagram versus X axial on three line in extruder channel
at 2.1 and 260°C

rapidly and as shown, in Y =—1.0mm the shear rate is almost
Zero.

Die swell rate is defined as the ratio of the extruded poly-
mer diameter to the inner capillary diameter. In the experimen-
tal study of the die swell phenomenon, the ABS polymer
samples were extruded from the FDM device at different tem-
peratures and flow rates associated with the finite element
simulations. Then, these polymer samples were quickly
quenched and the diameter of each sample was measured
using Jenius optical microscope.

The results of die swell based on temperature in three
flow rates for the experimental test and finite element
simulation is shown in Fig. 15. This diagram displays
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Fig. 13 Shear rate distribution in the nozzle capillary and die swell at the
nozzle outlet at 260 °C and 2.1 %
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Fig. 14 Shear rate diagram versus X axial for three lengths at 260 °C and

3

s

similar trend of die swell analysis using the finite element
model in different temperatures for a specified flow rate
compared to the experimental test. In both cases, die swell
rate of ABS polymer decreases almost linearly by increas-
ing the temperature and increases by increasing the mate-
rial flow rate. When the temperature of the melt is in-
creased, the Brownian motions of polymer chains aug-
ment and the free volume around them increases. It causes
casier flow and decreased viscosity, and allows molecules
to slide easier among each other [23, 27, 28]. As a result,
stress relaxation occurs and the retrieval of the performed
modification in the stream is reduced. When the temper-
ature is constant; despite the increase in flow rate and
subsequently melt velocity in the liquefier, shear stress
increases in the nozzle and leads to increase elastic energy
conserved in the semi-molten ABS. Thus, when polymer
is extruded from the die, die swell increases synchronous-
ly along with elastic recovery of molecular chains [23].
However, a difference of about 20% is observed between
the two experimental and simulation diagrams. This differ-
ence is due to the temperature fluctuations, quenching process,
or simplifications and assumptions in the finite element sim-
ulation such as the uniform velocity and temperature at the
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Fig. 15 Diagram of die swell versus temperature at various flow rate for
experiment and FEM
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inlet. Therefore, regarding the results of the die swell obtained
from experimental test, the simulation of the finite element can
be justifiable and the experimental results validates the simu-
lation results.

Regarding the die swell results obtained from the ex-
perimental and finite element analysis of the ABS poly-
mer, some suggestions have been proposed for the pur-
pose of controlling the die swell which has a significant
role in dimensional accuracy of manufactured parts by the
FDM device. Obviously, the die swell lies in minimum
level by setting the machine on the highest temperature
and lowest flow rate. However, considering the economic
aspects of using FDM, the flow rate can be considered to
a higher value, and in parallel, the effect of swelling on
the extruded material is adjusted in the FDM software so
that the overall dimension remains precise. For the FDM
RapMan system, the extruder temperature and flow rate

can be set as 260 °C and 2.1 ”’T’”}, respectively.

Conclusions

In this research, the behavior of the ABS thermoplastic
polymer in the extrusion process of the FDM additive
manufacturing procedure was analyzed. The objective
was to investigate pressure distribution inside the extruder
zone and die swell of the extruded polymer, which played
a considerable role in determining quality and dimension-
al accuracy of manufactured polymer parts. For this pur-
pose, the extrusion process was simulated in two stages
applying the finite element procedure using the Ansys-
Polyflow software.

Various entry flow rates (0.9, 2.1 and 4.0 ’”T’”S ) and
extruder temperature (220, 240 and 260 °C) were studied
as main effective parameters. Rheological properties of
the ABS polymer were obtained using the capillary
rheometry test in the form of Power Law and
Arrhenius models for viscosity dependency on the shear
rate and temperature, respectively. Based on the ABS
polymer properties, pressure distribution inside the ex-
truder was studied using the finite element simulation
and analytical calculations. The results revealed that by
the increase of the flow rate, pressure drop of the extrud-
er increased and by the decrease of the temperature, pres-
sure drop decreased. In the second section of simulation,
the die swell rate of the ABS in the nozzle outlet of
extruder was obtained using viscoelastic properties of
the ABS polymer and likewise it was compared to the
results obtained from the experimental measurements of
die swell. Die swell studies showed that by the increase
of the flow rate, the die swell increased and by the in-
crease of the extruder temperature, this value decreased.

@ Springer

Therefore, the results of this investigation can be used to
improve the quality and dimensional precision of poly-
meric manufactured parts through the FDM additive
manufacturing.
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