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Abstract: Fused Deposition Modeling and Sintering (FDMS) is one of the indirect
and emerging processes of Additive Manufacturing (AM) for the production of
metal parts, which is a combination of AM process and Metal Injection Molding
(MIM). This study laboratory made a raw material (Feed Stock) composing of high
percentage of metal powder (particle in nano-scale) and polymeric materials; and
then, designed an extruder to simulate melting and extruding process by
Computational Fluid Dynamic (CFD). The different variables such as the nozzle
diameter (D) of 1, 2, 3 and 4 mm and compression zone length (L2) of 100, 200 and
300 mm were simulated to investigate their impacts on flow rate and required torque
to rotate screw. The findings showed that components of feed stock for high physical
and mechanical properties of FDMS should account for 55 wt.% of paraffin wax, 25
wt.% of polypropylene, 15 wt.% of carnauba wax and 5 wt.% of stearic acid with
optimum percentage of metal powder of 90 wt.%. Also, the optimum value of
extruder diameter and compression zone length were 2mm and 200 mm,
respectively.
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1 INTRODUCTION

Additive Manufacturing is a term for a class of
manufacturing techniques that use the process of layer-
by-layer manufacturing using computer-aided design
[1]. A wide range of raw materials, such as polymeric
materials with low melting temperatures to metals and
ceramics with high melting point with different forms of
liquid, powder and wire are used in these processes [2].
Nowadays, research in the field of additive
manufacturing is no longer focused on the production of
polymer prototypes and the aim of developing these
techniques is to produce functional metal parts with
complex shapes, which cannot be easily produced by
conventional methods that have applications in the field
of aerospace, automobiles, fast tools and medicine [3].
The additive manufacturing process for the
manufacturing of metal parts is divided into two
categories: direct and indirect processes [4].

Direct processes include selective laser sintering,
selective laser melting, laser metal deposition, electron
beam melting and Binder Jetting [5-9]. The base
material of most of these processes is based on powder
and the energy required to melt the powder is supplied
through laser beam or electron beam, which is both time-
based and very costly. One of the new indirect processes
in the manufacture of metal parts is Fused Deposition
Melting and Sintering (FDMS).

This process is one of the most cost-effective additive
manufacturing processes due to the low cost of
equipment, easy operation and low cost of raw materials
[10]. This process has four stages of compounding of
raw material, printing the desired shape (green part),
debinding and sintering [11-17]. The process of printing
the part in this process is the same as fused Deposition
Modelling Process (FDM), except that in the FDM
process, flexible filaments with fixed diameter are
always used, while, the FDMS feedstock contains high
percentage of powder that increases the viscosity of the
melt and makes it brittle [18-21].

Therefore, the design of the extruder in FDMS system is
made custom for the selected feedstock. Rheology of
raw material is the most important parameter for this
reason [22]. Till date, few studies have been conducted
on development of raw material of the FDMS process,
but due to the great similarity between this material and
the raw material in MIM process, same feedstock can be
used with a little change in the percentage of its
components [23].

One of the most widely used binding systems in MIM is
based on polypropylene and paraffin wax-based. For
example, a combination of polypropylene, paraffin wax,
carnauba wax and stearic acid has been successfully
applied as a binder system to produce porous micron
parts made of austenitic stainless steel using steel
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powder [24]. In addition, various types of adhesive
systems such as polypropylene base, wax base and
ethylene vinyl acetate (EVA) base were used for metal
injection molding of parts made of L316 stainless steel
with nano meter dimensions [25].

In recant years, few researches have been conducted on
the rheology of two-phase material (containing metal
powder and polymeric system) used for FDMS process
[26-30]. In this study, the 4605-steel feedstock has been
optimized for the FDMS process and an optimized screw
has been designed for extrusion of the selected
feedstock. Moreover, previous works have not simulated
an extrusion to melt this feed stock and compress them
to satisfy the purpose of AM. Therefore, CFD approach
was applied to investigate various variables such as
diameter and compression zone length of extruder.

2 METHOD

In this research, first, the raw material feed is selected
that contains binder constituents and optimum
percentage of 4605 metal powder and in the next step,
the screw of the extruder of the printer is designed on the
bases of rheological properties.

2.1. Feedstock Preparation

The raw materials used in the FDMS process are a
combination of metal powder and adhesive system,
called feedstock. This material should be injectable in
the first step so that it can be injected with the help of
extruder and then it should have the highest allowable
powder volume so that the final piece has the lowest
porosity and the highest mechanical properties. There
are many parameters including the size, shape and
percentage of metal powder as well as polymer
components and their percentage that influences the
final properties of the product in this process.

In this research, AISI 4605 low alloy steel powder
(Jiangxi Yuean Superfine Metal Co., Ltd., China)
produced by gas atomizing method has been produced.
“Table 1” shows the chemical composition, cumulation
density, D-Value values as well as distribution slope
parameter (Sw) of the powder used. The slope parameter
of the distribution, which indicates the slope of the
powder grain size distribution and indeed the slope of
the normal logarithmic cumulative distribution curve, is
measured by “Eqg. (1)” [22]:

= Z/iEO) 1)
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Table 1 The specifications of AISI 4605 steel powder in this research

Apparent Density Slope Parameter Particle Size Distribution . . 0
(g/cm?) Distribution (Sw) (um) Chemical Composition (Wt%)
Dio Dso Dgo Fe C Ni | Mo Si
2.6 ‘ 453 1.97 3.92 7.23 Bal. | 042 | 215 | 049 | 0.1

One of the important features of the powder used in the
process is the widespread distribution of powder grains
of different sizes, leading to high density in the final piece
and the use of less adhesive system during the process.
From the point of view of particle size distribution, the
powder suitable for the injection process should have a
distribution slope value greater than 2 and consequently
the particle size distribution should be wide. Under these
conditions, higher compression density is achievable and
less adhesive system is required for raw material
preparation. On the other hand, powders with high sw
values (more than 7) with very narrow size distributions
are not suitable for the injection process [31]. According
to Equation (1), the distribution slope for the powder used
in this study is 4.53. Therefore, the powder used has an
acceptable distribution slope which makes it suitable for
use in the injection process from the nozzle with the aim
of increasing the compression density of the powder and
consequently the density of the sintered piece. Also, to
help with the sintering, the use of powder particles with
sizes between 0.1 and 20 microns and spherical shape is
suitable [32], in which spherical powder with an average
of particles less than 10 microns has been used.
Polypropylene has also been used as a backbone polymer.
This polymer, which performs the task of maintaining the
shape of the piece during the adhesion process and before
sintering, has been used in many researches as a suitable
material as backbone polymer [33]. In the following,
paraffin wax and carnauba wax have been used as surface
activators in order to create a bond between adhesive
system and powder grains. These materials increase the
stability of powder grains due to shear stress during the
mixing process. Also, carnauba wax, due to its extensive
decomposition temperature, helps to preserve the shape
of the piece at the time of boiling spit to the backbone
polymer [33]. Stearic acid has also been added to the
adhesive system as a lubricant and terrier to improve
flowability and lubrication [33-34]. This compound is
similar to the study of S.Ahn [35] and Lin [36], which has
55 wt.% paraffin wax, 25 wt.% polypropylene, 15 wt.%
carnaoba wax and 5 wt.% staric acid as the binder system.
As mentioned above, one of the most important
parameters in feedstock is the percentage of metal
powder, the high percentage of which increases the
properties of the final piece and at the same time
increases the viscosity that makes the extruding work of
the material difficult and therefore should be optimized.
One of the methods for calculating the optimum amount
of powder is to calculate the critical volume

concentration of powder or CPVC, which is determined
by calculating the maximum torque during the mixing of
the binder and powder system [37]. In this study, the
amount of torque in terms of time for mixing feedstock
in different weight percentages of powder in the range of
87-95 wt.% was investigated and the critical volume
concentration of the powder was calculated.

In order to prepare the adhesive system and perform the
mixing of raw materials, HAAKE Rheomix PolyLab QC
Lab Mix equipped with a pair of Z-shaped blades has
been used. The mixing temperature is selected based on
the maximum melting temperature of the adhesive
system components (polypropylene), 190°C. According
to similar researches [38]. mixing speed of 75 rpm and
mixing time of 20 minutes were considered. After the
mixing process, the mixture was cooled to room
temperature and turned into granules.

2.2. Evaluation of Feed Properties of Raw Material
Produced

In order to simulate the rheology of the material and
design the nozzle of the printing machine, the feed
parameters of the raw material are required. For this
purpose, rheological properties of prepared feeds have
been calculated using torque flow and rheological tests to
determine the appropriate amount of adhesive system
components.

3 DESIGNS OF FDMS NOZZLE

In order to study the relations governing the internal flow
geometry of the FDMS nozzle (extruder) by considering
the raw material feed rheology (melt flow index and feed
material viscosity index) and the screw cylinders,
computational fluid dynamics (CFD) using input
parameters was given to the simulation software and
finally, using the input parameters of the extruder nozzle
(D) and the length of the compression zone (L2), the
output flow rate of the raw material and the torque were
calculated to determine the power of the screw actuation
motor. The work is done.

The length of the compression zone (L2) is very
important considering the compression ratio (¢). In a
similar study, the length of this area is less than one third
of screw [20]. Also, one of the most important parameters
for designing the extruder of the FDMS device is
determining the output diameter of the extruder nozzle
(D), which has an important effect on the resolution of
the printed sample. In the present study, the effects of



compaction zone lengths (L2) and different output
diameters (D) on the feedstock melting process, screw
pressure distribution, velocity distribution at output,
torque required for screw rotation and average output
flow were investigated.

In this research, a 25 mm diameter screw with a rotational
speed of R =15 rpm and a cylinder with a fixed length of
L =300mm were used in which a solid feedstock with
ambient temperature (25 °C) enters the cylinder funnel.
Feedstock extrusion temperature of 190 °C similar to
previous researches [35-36] are fixed parameters in the
simulation. The space between the screw and the cylinder
is meshed by the snapy Hex-Mesh tool in Open-FOAM
software, for which a three-dimensional unstructured
mesh with 856,251 pieces is used.

To solve the phenomenon of melting and compaction of
feedstock, the rho-Pimple-Foam solvent in Open-FOAM
software is used to solve the flow in three-dimensional
compressibility. The Equations of continuity, momentum
and governing energy in the solvent are used according
to Equations (2) to (7) [37]:

dp/dt+V.(pV)=0 )
D(pV)/Dt=VY.c A3)
o=-pIH+t=-pI+u[(V.V)+(V.V)AT ]-2/3 (V.V)I 4)
D(pe)/Dt+V.(pVV+pD)=V.(KVT)+ud (5)
e=1/2 V"2+u (6)
O=T:VV )

Where, v, p, e, u and | represent the velocity, pressure,
total energy, internal energy and matrix vectors,
respectively. The parameters p, u, and k also indicate
density, viscosity, and heat transfer coefficient,
respectively. In the momentum relation, the stress
component (o) consists of compressive, shear (1) stresses
and element volume changes. Also in the energy
Equation, the effects of volume change and heat loss (@)
due to viscosity are considered. Parameter (e) is also the
sum of the kinetic and internal energy of the fluid. Shear
stress on the extruder wall (1), torque (T) and output flow
(m [0_o) are calculated using the following Equations:

T= ”Z_E on screw wall (8)
T=[[rtdAdz 9)
m, = [ pUdA (10)

In Eq. (9), 1, 7, dA represent the cross-sectional area of
the element, the shear stress on the element and the
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distance of the element from the center of the rotating

axis, respectively. The boundary conditions used in the

simulation include the following:

e Boundary conditions at the aperture entrance:
Material feed, or in other words, the inlet velocity is
regulated by suction rotation and the inlet
temperature of the material is assumed to be
environmental 25°C.

e Boundary conditions at the orifice output:

The output speed and temperature are adjusted
according to the screw speed and the feedstock melt
temperature.

e  Cylinder inner wall boundary conditions:

The velocity of the fluid inside the cylinder is a
function of screw’s rotational speed. For this
purpose, a rotating axis is provided for it. Its rotation
speed is 15rpm and its temperature is 190°C.

4 RESULTS

4.1.CPVC

Torque values versus the time for feed mixing for
different weight percentages of powder (87-95 wt.%) are
shown in “Fig. 1a”. As can be seen in the figure, the
average torque values increase linearly with increasing
weight percentage of powder till 92 wt.%. This increase
continues until the slope of the line changes abruptly due
to the lack of binder, which is accompanied by an
increase in friction between the excess amount of powder
grains in the feed. Figure 1.b also shows the mean mixing
torque values in different weight percentages of powder
in the feed, which is plotted by passing a line through the
average values for each weight percentage of powder in
the feedstock.
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Fig.1  The powder critical weight measurement: (a):
mixing torque versus time at different powder weigh
percentages, and (b): average torque at different powder weigh
percent.

When the slope of the line begins to change, it means
reaching the critical weight percentage of the powder.
Finally, in order to increase the flowability and prevent
instability of the rheological properties of the optimal
powder content in the feedstock, it is usually considered
to be 2 to 5% lower than the critical powder content in
the feedstock [38], The weight content of the powder in
the feed of the raw material is considered to be 90% by
weight.

4.2. Viscosity

The results of rheological tests and how the viscosity
logarithm changes according to the logarithm of the shear
rate for the optimal adhesive system at 190 are shown in
“Fig. 2.

Shear Rate vs Viscosity
1000

100

10

Viscosity (Pa.sec)

1 10 100 1000 10000

Shear Rate (1/sec)

Fig. 2  Viscosity versus shear rate for optimum feed stock
at different temperatures.

Sotomayor et al. [39] estimated the viscosity values for a
successful injection molding (MIM) process to be less
than 1000 Pa.s in the cut-off range between S-1100 to S-

110,000. Therefore, from a rheological point of view, the
results show that the feed can be injected in this interval.

4.3. Simulation Results

Figure 3a shows the effects of changes L2 and D on the
torque required to extrude the raw material. As can be
seen in the Figure, with increasing L2, first the torque
decreases due to gradual melting and compaction of the
melt, and then after L2 = 200 mm, it increases due to the
enlargement of the compression zone and the melting
zone. Increasing L2 leads to gradual compression of the
raw material, which reduces the shear stress in the melt
and increases the shear stress between the screw and the
cylinder wall.

It can also be seen in “Fig. 3” that the torque decreases
with increasing material flow and decreasing type |
stress. The reason for the increase in torque at D = 1mm
is that in a very small diameter of the nozzle, the stress of
the first type is much higher than the second type. Figure
3b shows the effects of L2 and D on the output flow rate
of the raw material.

As can be seen, with increasing L2, the output flow
increases due to the gradual increase in pressure inside
the extruder. An increase in D also indicates an increase
in the flow rate. The reason for the sudden drop in flow
velocity at D = 1 compared to other cylinder diameters is
the presence of metal powder, which results in a high
viscosity of the melt that must pass through a very small
diameter of 1 mm.
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Fig. 3  (a): The required torque to rotate screw shaft, and
(b): output flow rate (rn,).

In “Fig. 47, the melting process is visible along the
extruder for D = 2mm, in which blue represents the solid
phase and red represents the liquid phase. In all cases it
can be said that the feedstock melts at less than the first
0.25 L of screw. It is also observed that the increase in L2
has little effect on the melting zone.
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Fig.4  Melting process along extruder for various L2 at

D=2 mm.

Figure 5 shows the temperature distribution on the
extruder at different diameters of the extruder cylinder.
As can be seen, an increase in D increases the output
flow, which in turn requires more heat to melt the raw
material.
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Melting process along extruder for various D at
L2=200 mm.

Figure 6 shows the pressure distribution on screw for
different L2 values at D = 2mm and “Fig. 7”” shows the
pressure distribution on screw for different nozzle
diameters at L2 = 200mm. All inlet pressure is
atmospheric pressure, which increases to 0.75 L by
moving along the screw axis and then decreases due to
the discharge of melt out of the cylinder. It can also be
seen that increasing L2 due to uniform compression of
the melt reduces the maximum pressure and with
increasing D the pressure inside the screw cylinder
decreases and moves upwards of the extruder.
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Fig. 6  Pressure distribution on screw shaft for various L2 at
D=2 mm.
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Fig. 7  Pressure distribution on screw shaft for various D at

L2=200 mm.

The output velocity distribution for the extruder design
and the flow rate distribution of the printed material in
“Figs. 8 and 9” for different L2s at D = 2mm and different
nozzle diameters at L2 = 200mm, are shown respectively.
In all cases, the maximum velocity occurs in the center
and near the nozzle walls. The results show that
increasing L2 leads to increasing the maximum speed and
increasing D leads to decreasing the maximum speed at
the output.

L=100 L=200 L=300

! i '
| | n

Velocity distribution of the molten feedstock at the
output for various L2 at D=2 mm.

Fig. 8
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D=2mm

D=dmm

D=3mm

|

Velocity distribution of the molten feedstock at the
output for various D at L2=200 mm.

Fig. 9

Figure 10a shows that by increasing L2, the maximum
pressure inside the cylinder decreases. This causes the
raw material to gradually thicken. On the other hand,
increasing D makes it easier to extrude the molten raw
materials in the extruder and reduces the maximum
pressure. Figure 10b shows the maximum speed at the
extruder output. As can be seen, the maximum velocity
increases linearly with increasing L2. The output velocity
can also be inversely related to D because the rotational
speed of the screw axis is constant, so that increasing D
reduces the velocity of the molten raw material. The
reason for the decrease in extrusion speed with diameter
D = 1 compared to diameter D = 2 can be related to the
high viscosity of the feed melt and the high percentage of
metal powder inside the raw material, which causes
problems during the extrusion process at low diameters.

D=1 D=2 +D=3 D=4

% 1072
% = B
i
|
l 1
{
|
A
10
“

Phayx(Pa)

L2(mm) L2(mm)
(2) {b)
Fig. 10 (a): The maximum value of velocity at output, and
(b): the maximum value of pressure inside extruder.

5 CONCLUSIONS

In this study, an binder system similar to that of S.Ahn
and Kuang-hon Lin [35-36] containing 55 wt. % Paraffin
wax, 25% polypropylene, 15% carnauba wax, and 5 wt.
% Stearic acid was used according to the similarity of the
powder used and the percentage of 4605 powder used
was calculated using CPVC method equal to 90% by
weight. Then, by extracting the rheological properties of
the raw material, the extruder of the FDMS device has
been designed. The effect of different compression
lengths (L2) and extruder nozzle diameter (D) on melt
temperature, pressure, outlet velocity and initial flow
velocity were also investigated. In this study it was shown
that the melt output from the nozzle D = 1mm was less

than D = 2mm. This may be due to the higher melt
stresses between the screw and the cylinder in the smaller
nozzles. Also, it was shown that L2 = 200 mm leads to a
softer melt with lower extrusion torque. Finally, it was
found that the optimal design of the extruder with D = 2
and L2 =200 mm with the required torque of 12N.M and
the output melt flow of about 64 gr/min is a suitable
design for the extruded feed 4605 made in this research.
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