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The paper is devoted to the development of new
equipment for the production of metal-polymer
thread. 3D printing with metal-polymer thread is one
of the advanced directions in the technology of manu-
Sacturing metal parts of complex shape. The pro-
posed technology is an alternative to the currently
existing metal injection molding (MIM) technology
and selective laser melting printing technology. An
important step in this work was to conduct compu-
tational experiments to determine the effect of screw
rotation on the process pressure parameter and the
design of the main assembly of the screw extruder.
As a result of the research, the pressures on the
metal-polymer composition were determined depend-
ing on the rotation speed of the screw. With a rotation
of 30 rpm, the pressure reached 0.05 Pa and the ma-
ximum pressure was 0.18 MPa. The experiments were
carried out in the CradelSFlow program. The compu-
ter calculation showed a margin of the screw strength
coefficient k=1.8, and a maximum deflection of
2.8-10~* m, which meets the condition of static rigidity.
To determine the correct value of the gap & between
the screw ridge and the extruder walls, an analysis of
the rotor dynamics was carried out. The result of this
study is the critical extruder rotation speed of 60 rpm
at which the phenomenon of precession may occur.
Amplitude-frequency characteristics yg4;,=7-10~* m.
According to the results of the dynamic calculation,
the screw dimensions were adjusted, the geometry
was reduced by A=0.5 mm. The experiments made it
possible to verify the optimal parameters of the tech-
nological process of metal-polymer mixture extrusion.
The data obtained are important for the improvement
and development of 3D printing technology for metal
parts of complex geometric shape

Keywords: feeder, extruder, computer simulation,
pressure, gap, rotary dynamics
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1. Introduction

The development of production is based primarily on the
application of advanced technologies. In[1], 10 such tech-
nologies were identified, among which additive and metal
injection molding (MIM) technologies occupy the 15t and
20 places, respectively. Until recently, a significant limita-
tion to the use of MIM technology was the high cost of ma-
nufacturing parts in single and small batch production.

Currently, selective laser melting (SLM) is the only
additive metal fabrication technology that has proven it-
self for industrial applications. The main disadvantage of
this technology is the high cost of equipment. This prob-
lem holds back the development of 3D printing on metal.
A promising direction is the printing of metal-polymer fila-
ment products on 3D printers that implement deposition
modeling (FDM printers).

Printing uses a filament, which is a mixture of metal pow-
der with a polymer that acts as a binder. After printing, the
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product is thermally or chemically removed from the binder
and sintered in an oven. In this case, the product is reduced
in volume by 15-20 %. The implementation of this method
is possible on inexpensive FDM printers, the cost of which is
three orders of magnitude lower than that of SLM printers.
The first experiments to test this technology began only in
2018, and at the moment almost all of them are conducted on
filaments from BASF, whose product line consists of only one
material, Ultrafuse 316 LX. At the same time, in the future,
this technology will allow making parts not only of steel, but
also of non-ferrous alloys, hard alloys, ceramics, etc.

The peculiarity of MIM technology and alternative tech-
nologies for manufacturing parts from metal polymers is that
the blanks produced at a certain stage significantly affect the
quality of the subsequent part. Thus, an error at any stage
leads to a defective finished part. Therefore, it is necessary
to control not only the process, but also the quality of blanks
at intermediate stages. Therefore, the research carried out in
the work is relevant and necessary for the development of




alternative more economical technologies, such as 3D print-
ing with a metal-polymer thread.

2. Literature review and problem statement

Over the past few years, there has been a sharp increase
in publication activity in the field of FDM printing using
composite materials. Basically, the authors are trying to solve
two problems — to find a cheap alternative to selective laser
melting (SLM) technology, the cost of equipment for which
starts from $1 million and printing functional products from
polymer-modified powders to give them special physical and
mechanical properties, such as high hardness and wear resis-
tance, electrical conductivity, photo-catalyst properties, high
tensile, compression and bending strength [2-5].

In the literature, there is a considerable number of alter-
native MIM technologies and equipment, as well as an ana-
lysis of their parameters [6, 7]. For example, such equipment
for 3D printing was proposed by the author [7]. The design
of an extruder for a 3D printer that mixes metal polymer
components — basis and hardener, feeds the composition into
the printing zone and stacks, and after work has the ability
to clean the mixing chamber for reuse.

For example, in [6] the influence of the diameter parame-
ter of the extruder cutting disc was studied. With an increase
in the diameter parameter of the cutting disc, the molding
quality is gradually improved. The larger the diameter of the
cutting disc, the better the molding quality of the extrudate.
With a diameter of 7.5 mm, the surface of the mass is smooth.
Based on these studies, a metal component with a complex
three-dimensional structure, dense microstructure, excellent
metallurgical adhesion and a flat surface was manufactured.

Despite the originality of the equipment, the author does
not provide an analysis of the mutual influence of design and
technological parameters on the structure of the green part.

In [7], the authors described an extruder for laying
fast-setting two-component materials, described the process
of degassing the extruded material, but did not mention the
process parameters of obtaining a filament, such as the pres-
sure in the extruder, optimal rotation speed of the screw and
how these parameters will affect the quality of the extrudate.

In [8], a laboratory twin-screw mixer was used to mix
binder and powder components in the manufacture of feed-
stock. The thread was pulled on a laboratory press through
a specialized die. At the outlet of the die, the thread was
cooled by running water in an inclined trough, which exclu-
ded its stretching and allowed to obtain a thread of constant
diameter. The diameter of the pulled thread was 1.75 mm.
The method is distinguished by its novelty, but the paper
did not focus on the mixing parameters of the metal-polymer
mixture, and the quality of the thread was not evaluated from
the extrusion parameters.

The author [9] was faced with the task of developing and
manufacturing an extruder for the production of metal-poly-
mer filament for FDM printing. Extruders for creating plas-
tic thread exist, but they are ineffective. The researcher gave
the sequence of the extruder design. The main distinguishing
feature of the developed extruder from the existing ones is
the design of the cooled screw, which will avoid jamming of
the screw due to clogging of the channels with the material.
Since the extruder is designed to produce a filament con-
sisting of polymer and metal powder, the screw must have
increased wear resistance to avoid abrasion. To solve this

problem, it is planned to apply a ceramic coating on it by
the gas-flame method. The disadvantage of this study is that
the author does not justify the thickness of the coating to be
applied, which must be selected based on static and dynamic
analysis of the screw rotation, where the main boundary con-
dition will be the screw rotation speed.

The issues of designing the extruder and the technolo-
gical process were given in [10—12]. The results of the study
concerned equipment and processes related to polymer ma-
terials, and the cases of mixtures with metal inclusions were
not considered.

In [10], a theoretical window of optimal extrudability
was determined in terms of temperature, shear rate, and pow-
der loading. But the screw rotation and pressure parameters
were not mentioned, which directly affect such an indicator
as the density of the extrudate.

The paper [11] presents the results of a study on the ma-
nufacture of metal-polymer filament and describes the stage
of extrusion. A single-screw Brabender Plasti-Corder extru-
der was selected for the production of threads from compo-
site material. The authors pointed out that the geometric
dimensions of the matrix resist the flow, pressure is required
to push the material through the matrix, but what dependen-
cies describe the relationship of the geometric parameters of
the matrix, rotation speed and pressure are not given.

The authors [12] considered the issues of viscous heating,
which depends only on the screw speed and the concentra-
tion of recycled polypropylene. For a conventional screw
design, the drum temperature, screw speed and two poly-
propylene mixtures with very different melt viscosity were
selected as independent factors, while the melt pressure,
mass productivity, screw torque and temperature increase in
the matrix due to shear heating were dependent reactions.
The interrelation of these factors was evaluated, but the
interrelationships of technological factors with constructive
factors, such as the die design and the pressure created in the
extrudate, were not given.

In the developed methods for designing extruders, there
is no research on the influence of technological parameters on
the design of the geometric dimensions of the extruder.

So in [13], the main purpose of the strength calculation of
the extruder is to find such optimal design parameters (geo-
metric characteristics, control parameters) that, along with
strength characteristics, would ensure a reduction in the
overall material consumption of the structure. The work
determines the strength of the screw, without taking into
account the parameters of the rotor dynamics of the screw on
its geometric dimensions.

The above papers do not study the simultaneous effect
of the screw speed parameter, both on the design and on
the extrudate pressure. However, as our own experience in
creating equipment for the production of filament from the
metal-polymer mixture has shown, the identification of the
relationship between technological and design parameters
at the design stage is necessary for the rational production
of equipment and the choice of technological parameters of
the production of extruded mixture for further production
of high-quality filament for 3D printing of metal products.

3. The aim and objectives of the study

The aim of the work is to design an extruder for manufac-
turing metal-polymer filament for FDM printing on the basis



of identifying the impact of dynamic parameters of screw
rotation on its design. This will make it possible to increase
the efficiency of the extrusion process at the design stage.

To achieve the aim, the following objectives were set:

—to conduct numerical experiments to find the cor-
relation between the angular velocity of screw rotation and
pressure in the extrudate;

— to estimate the strength of the screw of the designed
equipment for the production of pellets;

—to evaluate the influence of dynamic parameters of
screw rotation on its design;

— to carry out experimental research to confirm the me-
thod of evaluating the influence of screw rotation parameters
on the technological indices of the metal-polymer mixture
extrusion process.

4. Materials and methods

4. 1. Material and equipment

For the development of filament composition for the 3D
printer, we chose the feedstock steel 316 LW from BASF as
a basic component. The typical chemical composition of parts
after sintering and basic characteristics of the feedstock are
shown in Table 1, respectively.

Table 1
Parameters of feedstock 316LW
P Unit of |Standard Special Test
arameter
measure | values values method
. 1SO 1133
MFI  |g/10 min| 950 300-1,300 (1900C.21.6 ke)
Density | g/m? 79 >7.95 1SO 3369
Out-of-size - 1.1669 |1.1629-1.1710 |[RC/PQ-SH-1360

A continuous press device was designed and modeled for
the production of feedstock from a metal-polymer mixture.
This device for manufacturing long profiles from powder
materials contains a hopper of initial materials (feedstock),
drive, heated cylinder, screw, fixed and movable plate, static
screw-shaped mixer, hydraulic cylinders of the drive of press-
stamp movement [14]. Fig. 1 shows a computer model of the
new press device.

Fig. 1. 3D model of the press device

In the first stage of the design, the basic geometric pa-
rameters of the screw and cylinder were determined. The
extrusion chamber is divided into three zones: feeding, com-
pression, dosing. The depths of the channels in each zone
were determined, as well as the dimensions of each zone. The
screw pitch, angle and thickness of the coil were calculated.
The maximum output of the extruder was pre-calculated to

be approximately 2.5 kg/h. The required screw speed as well
as the approximate torque were calculated. Based on these
data, a gear motor was selected to drive the screw with the
possibility of adjusting the speed using a frequency converter.
The heating elements (3 ceramic heaters for each zone and
one for the nozzle) are selected. The main distinguishing
feature of the designed extruder from the existing ones is the
replaceable screw static mixer at the end of the extruder to
create a prepressing effect [14].

Main parameters of the extruder:

— screw diameter Ds=30 mm;

—screw length L=565 mm;

— feed zone Lf=0.25, L=0.25x565=141 mm;

— compression zone Lp=0.35, L=0.35x565=175 mm;

— dispensing area Ld=160 mm;

— barrel diameter Db=Ds+28=30.3 mm, where & is the
clearance, 6=0.005, Ds=0.3 mm.

Channel depth:

—in the feed zone #1=0.12D=3 mm;

—in the dosing zone h3=3/compression ratio=3/4=
=0.75 mm;

— screw step: t=Ds=30 mm;

— coil thickness: e=0.1, D=3 mm.

4. 1. 1. Modeling the technological process of extrusion

As mentioned above, the quality of the intermediate sta-
ges of the metal-polymer production process will affect not
only the properties of the finished products. The extrusion
process is significantly influenced by the pressure created by
the screw. This parameter affects the processing temperature
of the mixture and the quality of the extrudate obtained, and
the operation of the extruder. The main parameters deter-
mining the quality of the feedstock are density, viscosity sta-
bility, and the required dependence of viscosity on shear rate.
Failure to match the density and viscosity of the feedstock
results in an unstable flow regime during filling and does not
allow controlling the quality of the pellet [15].

In order to find the extruder’s extrusion pressure, the
movement of the material through the annular conical chan-
nel of the die is considered according to the diagram shown
in Fig. 2. The gap for the passage of the material is formed by the
tapered surface of the die and the tapered surface of the shaft.
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Fig. 2. Material movement in the extruder

For an elementary section of thickness dx, the differential
equation of equilibrium with respect to the horizontal axis X
has the form [16]:

Pxm(285rx - §2)—
—(Px+dP)m(2Srx - $2)— Firl - Fir2 =0, (1)
where Px — pressure at the current channel section, Pa;

Firl, Ftr2 — friction forces on the die wall and the shaft, re-
spectively, N.



The expression for the value of the current pressure in
differential form is as follows:

_dP 28’ coso.
P S

x

dx. )

Solving equation (2) by integration with boundary con-
ditions from 0 to 1, the final equation for finding the pressing
pressure:

___»n
A [ ©)
N

where P, is the pressure at the outlet of the orifice, Pa.

The pressure in the extruder was determined numerically
by the finite volume method implemented in the CradelSFlow
program. Fig. 3 shows a screw pair with a small domain. The
boundary conditions for the numerical experiment are given
in Table 2.

Fig. 3. Extruder model for the finite volume method

Table 2
Boundary conditions for technological calculation
Parameter Value

Screw angular speed 30+130 in increments of 40
Polymer metal density 7.9 kg/m?3
Modulus of elasticity, E 2105 MPa

Poisson’s coefficient 0.3

Temperature 180

To simulate the process, a small domain for the screw
was built. The domain and screw were divided into finite vo-
lumes, and the model consisted of 35,000 volumes.

The assumptions used for the screw extruder flow analy-
sis are summarized as follows [16]:

— the flow regime in the screw extruder is laminar;

— the composite melt is an incompressible fluid;

— viscosity is modeled as a function of temperature and
shear rate;

— the thermal regime between the screw surface and the
polymer melt is adiabatic;

— ano-slip condition is imposed on a continuous boundary;

— density and specific heat are constant;

— the cylinder is completely filled with polymer melt;

— sustainable flow of polymer melt is achieved after the
screw has made a sufficient number of revolutions.

4. 2. Static calculation of the screw
For the evaluation of the strength properties of an ex-
truder, we consider the screw, which is the most heavily

loaded part of the extruder. The main objective of strength
calculations for an extruder is to find optimum design pa-
rameters (geometric characteristics, control parameters)
that, along with strength characteristics, would reduce the
overall material intensity of the design. The design of screws
does not take into account the strength characteristics of
their elements. However, due to the longitudinal-transverse
bending of the screw axis, premature wear of the outer cylin-
der and failure of the screw are possible [17]. The strength
of the screw is determined taking into account the action
of torsional and bending moments on its axis. In most cases,
the strength calculation of this kind of structures is carried
out by a simplified method, which takes into account only
the deformation from bending with torsion. But in our case
of the screw design, there is also a longitudinal force from
the pressure of the material as it leaves the matrix. There-
fore, we carry out the calculation considering the bending
deformation. The maximum stresses arising in the screw
sections at longitudinal-transverse bending are determined
by the formulas:

_AN-(1+0')+ny-I*-D-(1-0')

max ’ (4)
n-D*-(1-a')
where 6,,,x — maximum design normal stress, MPa; N — lon-
gitudinal force from the extrudate pressure.
The tangential stress is equal to:

16-M,,

T]TlﬂX = —7 (5)
n-D*. (1 —o )
where Ty, — tangential stress, MPa; Mj,, — torque, kH-m.
Theoretical calculation of screw deflection, based on the
elastic line equation:

2
Yy (6)

EI
xd.xZ x

where E — Young’s modulus, MPa; [, — axial moment of iner-
tia of the section, m%; M, — bending moment relative to the
transverse axis, KH-m.

The deflection equation takes the following form:

(¢ (1 I
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The screw itself has a rather complex configuration, so
further analysis of its strength characteristics by the ana-
lytical method will not be accurate enough. To solve the
problem, we used the finite element method implemented in
the integrated system NASTRAN. Fig. 4 shows a drawing of
the screw.

The mechanical design includes the boundary conditions
listed in Table 3.

To evaluate the quality of the mesh, we used the method
from [18]. The density of the mesh or the degree of element
refinement is one of the most important parameters to con-
trol the accuracy of the solution (the chosen type and shape
of the elements are of course also important).
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Fig. 4. Drawing of the screw

If there are no singularities in the model (sharp angles,
loads and fixations applied at a point, etc.), a finer mesh will
give a more accurate result. Nevertheless, a large number of
elements in a fine mesh will require more costs in terms of
computing station memory and computation time. One of the
ways to assess the quality of a grid (and a model as a whole)
can be the verification of calculation results with the help
of experimental data or analytical solutions. Unfortunately,
they are not always available to the user, if at all. Thus, other
methods of quality assessment have found application in en-
gineering practice. These include consistent mesh refinement,
as well as interpolation of jumps in the values of the results.

Table 3

Boundary conditions for dynamic analysis

Value

N(P) is determined from the
technological calculation

Parameter

Longitudinal force

Own weight of the screw 20 H
Modulus of elastlclty, E, 91105 MPa
of the screw material
Poisson’s coefficient 0.3

The basic and most accurate method of assessing mesh
quality is to decrease the size of the elements successively
until some significant result, such as the maximum stress in
a certain zone, converges to a certain value (that is, with each
iteration the stress change is less than a given tolerance).
Fig. 5 shows that increasing the grid density first leads to
a sharp increase in the maximum stress, but then the rate of
increase slows down greatly and finally the curve reaches
a nearly horizontal «shelf», where a large increase in grid den-
sity corresponds to only a small change in the maximum stress.

The starting and ending points of this plot in this case can
be considered points with densities of 115,000 and 297,650 ele-
ments per unit area. When you change the density by a factor
of four, the value of the analyzed result increased only by 1.5 %.
Fig. 6 shows the finite element model of the screw.

When discretizing the model, 297,650 elements were
generated, the problem was solved in the solver Solver120,
the settings of the solver Cassio made it possible to reduce
the counting time.
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Fig. 6. Finite element model of the screw

4. 3. Dynamic calculation of the screw

Ensuring the required clearance between the screw coils
and the housing in the sealing zone allows the extruded ma-
terial to be degassed. The gap & between the screw coils and
the housing in the sealing zone is selected from the condition
of zero flow of the extruded material through the annular gap
and is determined by the formula [19]:

5= 6VsL L ,
\'n-D-AP
where Vi — speed of movement of the screw wall forming
the gap relative to the cylinder, p — coefficient of dynamic
viscosity of the extruded material, L — width of the screw,
D — diameter of the hole in the housing, AP — differential
pressure under which the fluid flows.

According to the calculated (8), the clearance for our
equipment is 8=0.3 mm. During the first adjustment of the
equipment, jamming of the screw occurred, which caused the
need to study the effect of screw rotation on its deflections.

The rotor dynamics of the screw was analyzed in NAS-
TRAN/ROTORDYNAMICS to compare the static and dy-
namic gap between the screw coils and the extruder wall. The

(8)



screw was modeled with 20 bar beam elements (Fig. 7) and
the boundary conditions for the analysis are given in Table 4.

Table 4

Boundary conditions for the analysis of
the rotor dynamics of the screw

Parameter Value
Screw material density 7,800 kg/m?
Modulus of elasticity, E 2-10° MPa

Poisson’s coefficient 0.3
Screw rotation speed 150 rpm

To determine the frequencies of the perturbed oscilla-
tions we use the COMPLETE SOLUTION (complex fre-
quencies) solver. You can use the asynchronous processing
option (ASYNC) in the program to determine the response
of the system to an external action that does not depend
on the rotation speed. With the synchronous precession
option (SYNC), the system response to unbalance or other
excitation, which depends on the rotor speed, is determined.

PP

Fig. 7. Model of a beam screw
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The beam model consists of 20 elements. The ASYNC
solver was used. By means of complex shape analysis, we
can determine the frequencies of oscillations corresponding
to the forward and reverse precession, as well as the critical
speeds of rotation [20].

To assess the deformation of the screw caused by the cen-
trifugal force from the unbalance of the rotor, we will study
the amplitude of the forced vibrations from the unbalance
force of the screw. For this purpose, a periodic force applied
to the center of mass of the screw is specified. As a result
of the solution, the deformations of the screw at various
rotation frequencies will be obtained. The analysis will be
performed in the NASTRAN solver 122.

5. Results of the study of the design and technology
of extrusion

5. 1. Results of the study of the effect of the screw ro-
tation speed on the pressure in the extrudate

The results of the process study are shown in Fig. 8
as diagrams of pressure distribution in the extruder cylin-
der cavity.

L Pressure [Pa]
e

000 ~2500.00 5000.00

Fig. 8. Pressure distribution at a speed of 30 rpm

The pressure charts show the maximum pressure in the
extruder at 1 MPa at a speed of 70 rpm, and the color charts

along the cylinder cavity show the pressure increase as the
screw speed increases. The maximum pressure drop in the
compression zone is AP=0.95 Pa. The determined values will
be used as input data for the strength calculation and calcu-
lation of the dynamic gap between the screw coils and the
extruder cylinder walls.

3. 2. Results of the influence of pressure in the extru-
date on the strength and rigidity of the screw

The results of the static calculation are presented in the
form of stress and strain diagrams in Fig. 9.

The diagrams shown in Fig. 6 indicate dangerous sections
in the screw support area, stress and strain isolines indicate
that the contribution of torque to the stress-strain state of
the screw is dominant.

According to the diagram, the maximum stress in the
screw sections Opa=139 MPa, maximum movement Y..=
=6.58-10>m. The analysis shows sufficient safety factor
k=17, the maximum deflection satisfies the stiffness condi-
tion Yia<L/200, L — length of the screw.

5. 3. Results of the study of the rotor dynamics of the
screw and its influence on the design parameters of the screw

The results of the rotor dynamics study are the rotor
waveforms shown in Fig. 10 and the Campbell diagram shown
in Fig. 11.

According to the Campbell diagram, the first resonant
velocity is ®,=58 rpm, intersection of the second multiplic-
ity line with the lowest natural frequency. As a result of the
analysis of the frequency response of the solution, the defor-
mations of the screw at different frequencies of rotation are
obtained. Fig. 12 shows the dependence of the amplitude of
forced vibrations of the screw on the rotation speed.

The node in the middle of the screw was selected for the
frequency response analysis. The diagram in Fig. 10 shows the
appearance of 2 harmonics at a frequency of 1 Hz and 3 Hz,
the resonance phenomenon occurs at a frequency of 1 Hz and
the vibration amplitude takes the value Y,,,=6-10"% m.

Fig. 13 shows a transient diagram of the unbalance force
at a frequency of 1 Hz, defined from the Campbell diagram
as critical.

Maximum peaks of amplitude Yy,=7-10"%m, which
agrees with the amplitude-frequency characteristic presen-
ted in Fig. 12.

5. 4. Experimental investigation of the effect of screw
speed on extrudate density

Experimental studies were performed with the equip-
ment after adjustment and adjustment of the screw geometry.
A tolerance has been removed from the coils A=0.4 mm equal
to the difference between the resonant value of the screw
movement and the static value of the gap §=0.3 mm. Fig. 14
shows the adjusted screw.

The experiments were conducted in the extruder (Fig. 15),
at a temperature of 1,500 — zone of delivery, 1,700 — zone of
compression and 1,800 — zone of dosing.

To record the processes occurring in the extruder and
the subsequent comparison of experimental and theoretical
dependences, first of all, on the pressures developed, a strain
gauge unit was created. The sequence of experiments was
carried out on the basis of known planning methods for given
response functions and controllable parameters, and the ac-
curacy and adequacy of the results on the basis of regression
analysis and statistical processing of the results.
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Fig. 13. Transient response from screw unbalance force at 1 Hz

The screw speed was adjusted from 10 rpm to 120 rpm in
20 rpm increments, with the extruder running for about five
minutes at each speed. To determine the effect of the pellet
design, i.e. the hole size, on the extrudate pressure, pellets
with hole diameters in the range of 5 to 10 mm were used.

The regression equation of the experimental results and
their graphical representation are shown in Fig. 16.

P=0.853+0.0065- D—0.017- D* —0.006-n +
+0.003-n” —0.0001-d - n. 9)

By making sections of the presented
three coordinate surfaces, we obtain two
parametric plots of the pressure genera-
ted by the screw extruder on the diame-
ter of the hole in the die D, on the screw
revolution 7.

From the graphs in Fig. 16, it is ob-
vious that the pressure increases with
the number of revolutions, and decreases
with increasing hole diameters in the
outlet die.
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The optimum values of P and n were determined ex-
perimentally. The density of the extrudate was measured
according to GOST 56679-2015 by collecting and weighing
the output data for 2 minutes. Results and discussion of the
measured densities at each screw speed for both materials are
shown below. The results of measuring the extrudate density
are shown in Table 5. The visual picture of the experiment
was also analyzed (Fig. 17).

Table 5
Results of extrudate density measurements

Screw rotation speed, | Extrudate weight, | Extrudate density,
rpm kg kg/m?
30 11.037 1,283
50 11.30 1,289
70 11.55 1,300
90 11.87 1,390

Fig. 17. Extruded flow

At 70 rpm, there was a smooth extrudate flow with no
«stall» or flow instability.

6. Discussion of the results of designing an extruder
for manufacturing metal-polymer filament

Numerical experiments to determine the pressure on
the extrudate showed a direct dependence of the pressure
parameter on the screw rotation speed. From the diagrams

in Fig. 8, the pressure distribution shows a directly propor-
tional relationship between the pressure and the speed of the
screw, and the change in the colors of the diagram indicates
an increase in pressure in the area in front of the fan. This is
due to the fact that an increase in the shear rate leads to a de-
crease in the initial humidity. The pressure in the pre-matrix
zone of the extruder increases sharply due to the fact that
a small amount of water during extrusion further increases
the viscosity of the product. Therefore, it is important to
take into account and optimize the geometric shape of the
die and find the relationship between the distance indica-
tors and, finally, the relationship between the screw rotation
speed as an input parameter and the quality of the extru-
date, estimated by the density of the mixture at the output.

The maximum pressure value is one of the parameters of
the strength calculation, so the longitudinal force acting on
the screw was calculated according to the formula N=Py-S,
and applied to the output end. This boundary condition for
modeling the stress-strain state distinguishes our study from
the previously proposed methods, where the calculation
of the screw is reduced to bending deformation from the
applied pressure force of the extrudate. From the results of
the strength calculation presented in Fig. 9, the sufficiency
of the coefficient of safety margin £=1.8 and the rigidity of
the screw is obvious, but the practice has shown the insuffi-
ciency of fulfilling the condition of static rigidity of the screw
Yy=2.8-10""m, since the first adjustment identified such
a problem as jamming of the screw.

Research on the rotor dynamics of the screw and its influ-
ence on the design parameters of the screw indicates the oc-
currence of a critical rotation speed at a frequency of 1 Hz, in
the Kemppbel diagram in Fig. 11. For harmonics of this fre-
quency, according to Fig. 12, the maximum amplitude of the
deviation from equilibrium is Yz,=7-10"% m, which exceeds
the static deviation of 2.8-:107* m. According to the results
of the dynamic calculation, the dimensions of the screw were
adjusted, the geometry was reduced by A=0.4 mm.

Experimental studies on the effect of screw rotation
speed on extrudate quality allowed us to derive a regression
dependence (9) of pressure in the extruder on the speed
and design of the die. The graphs 17 show a maximum
pressure of 1.8 MPa at a speed of 140 rpm, and at the size
of holes in the die D=5 mm. A rational parameter for the
screw rotation was chosen based on a visual inspection of
the extrudate, so that at a speed of 70 rpm, the density of
the extrudate was 1,300 kg/m® and the flow had a smooth
shape, which indicates the absence of the phenomenon of
«disruption». The extrudate density was 1,300 kg/m? and
the flow was smooth.

The disadvantages of the conducted research are the
insufficient number of experiments carried out due to the
high cost of the material, the technological process is deeply
stochastic and requires more tests for the correct regression
equation. For this reason, the coefficients of the obtained
regression equation may not have high accuracy.

7. Conclusions

1. Computational experiments were carried out with
CradelSFlow to determine the pressure on the metal-po-
lymer composition depending on the rotation speed of
the screw. With a rotation of 30 rpm, the pressure reached
0.5 Pa and the maximum pressure was 1 MPa.



2. Using the results of technological calculation, we
determined the longitudinal force acting on the end of the
screw and created a design mechanical scheme to determine
the strength of the screw. The results showed a safety factor
of k=1.8, which indicates sufficient strength of the screw and
the maximum deflection is 2.8-10~% m, which corresponds to
the condition of static stiffness.

3. In order to determine the correct value of the gap 6
between the screw crest and the extruder walls, the rotor
dynamics were analyzed, resulting in a critical speed of
70 rpm, at which the phenomenon of precession might occur.
To determine the amplitude of the screw deflection from the
unbalance force, the amplitude-frequency characteristic was
determined Y,;;,=7-10"*m. Based on the results of the dy-
namic calculation, the screw dimensions were corrected, the
geometry was reduced by A=0.4 mm.

4. Experiments were carried out to determine the ex-
trudate density at different screw speeds. The experiments
allowed us to obtain a regression equation for the pressure
function depending on the variables of rotation speed and
die geometry. The optimum screw rotation parameter is

70 rpm, which satisfies the condition of screw rotation sta-
bility and the extrudate quality index, such as density and
laminarity.
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