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The paper is concerned with the cost reduction of the elements’ production according to the metal
injection molding technology of metal powder mixtures (MIM), using the additive technologies
(AT) for the production of the green part. This method allows obtaining high fidelity of the
materials both in mass production and in one of a kind, and small-series production because it is
not necessary to the production of expensive casting press mold of metal powder mixture on the
injection molding machine. In his paper, the author showed the advantages and disadvantages of
two AT technologies which directly use materials for MIM technology: the technology of fused
filament fabrication (Fused Filament Fabrication — FFF) and the technology of Binder Jet (BJ).
The author proposes to reduce costs reduction of manufacturing filament for 3D printing according
to the FFF technology of green part using already existing feedstock as the basis. The
manufacturing technology of the filament is shown by the example of the feedstock steel 316LW
BASF. The specific character of the technology is a limited amount of polyoxymethylene (POM)
and low-density polyethylene (LDPE) is introduced into the standard composition of the feedstock
to increase its plasticity. The author presented the results of tensile testing of items manufactured
by standard technology and using AT technologies. Some reduction in the strength characteristics
of the items with the using AT technologies is primarily due to the printing modes. The
optimization of print modes allows obtaining the properties of the items, not inferior items by
standard technology.

© 2020 Growing Science Ltd. All rights reserved.

1. Introduction

The development of production is primarily associated with the use of advanced technologies. In the
paper (Courtesy McKinsey & Company, 2018), 10 such technologies were identified, among which
additive technologies (AT) and MIM technologies (Metal Injection Molding) occupy the first and second
places, respectively. Until recently, a significant limitation on the use of MIM technology was the high
cost of manufacturing parts for single and small-scale production. It depended mainly on the high cost
of equipment at the stage of rigging a green part. The use of AT at the stage of manufacturing a green
part reduces the cost of production and significantly expands the scope of use of MIM technology
(Williams, N., 2018; Williams, B., 2018; Moritz et al., 2018; Lednev et al., 2019; Kuznetsov et al., 2018;
Gorodetskii et al., 2018; Lychev et al., 2018; Lengauer et al., 2019; Johnson, 2018). Fig. 1 shows the
mutual influence of different technologies and blurring the boundaries between them (Williams, B.,

2018).
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Fig. 1. The mutual influence of MIM technology and AT (Petzoldt, 2018)

Of the entire variety of ATs, there are only two technologies that are directly related to the materials
used in the MIM technology - this is the technology for the production of molten filament (Fused
Filament Fabrication - FFF) (Wu et al., 2002; Wolff et al., 2019; Gibson et al., 2018), and jet binder
application (BinderJet) (Williams, N., 2018; Dizon et al, 2018; Ngo et al., 2018). With FFF technology,
a metal powder mixture (feedstock) is directly used for MIM technology, and in BinderJet technology,
powder and binder are used separately (Williams, N., 2018; Digital Metal, 2019; ExOne, 2016, 2018;
BASF, 2018). The advantages and disadvantages of these two technologies are discussed in detail in
(Williams, N., 2018; BASF, 2018). We single out the main ones:

- efficiency - BinderJet technology can be used for the manufacture of small, and in the future medium-
sized series of parts, which indicates its high efficiency;

- integrability with MIM-technology - FFF technology is fully integrated into MIM-technology and does
not require additional equipment and materials;

- environmental friendliness - finely dispersed metal powder is mixed with polymers and does not pose
a risk to human health and the environment in the manufacture of products;

- dosing accuracy - particles of metal powder are evenly distributed over the volume of the polymer
binder, which greatly facilitates the dosage of the powder, according to the FFF technology, in
comparison with the distribution of the powder on the working surface when using BinderJet
technology;

- the cost of machine time - according to (Munsch, 2018), the cost of one hour of machine time using
FFF technology is 3 ... 5 €, and according to BinderJet technology - 35 ... 50 €;

- print quality - surface roughness of parts using BinderJet technology is 2 times less (Munsch, 2018),
dimensional accuracy is determined by the resolution capability of a 3D printer: according to
DigitalMetal (Digital Metal, 2019), which implements BinderJet technology, the resolution in the Z-
axis direction is 35 um, for printers using FFF technology this value is usually higher than 50 pm;

- mechanical properties - the density values of parts manufactured using BinderJet technology, their
surface hardness, and tensile strength are slightly higher (Munsch, 2018) than with FFF technology;

Thus, BinderJet and FFF technologies complement each other and can be effectively used for the
production of green parts for MIM technology in both single and small series production. A number of
studies (Kukla et al., 2016; Burkhardt et al., 2016; Awad et al., 2016; Gonzalez-Gutierrez et al., 2016)
present the results of studies related to the production of filament from feedstock and its use to obtain
green parts using FFF technology. All studies used 316L steel feedstock. It was also pointed out that 3D
printing modes have a significant impact on the quality of green parts. In addition, according to (Munsch,
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2018), the cost of a filament for 3D printing is significantly higher than for conventional MIM
technology: 15 ... 18 € per 1 kg for 316L steel grade, and for BASF Ultrafuse 316LX filament - 200 €
per 1 kg. The price of filament from other suppliers is about 100 € per 1 kg. All this testifies to the
relevance of further work aimed at reducing the cost of the filament and optimizing the 3D printing
modes.

The purpose of the work is to develop the feedstock composition of 316L steel for the manufacture of
raw cast billets using FFF technology, to study the basic properties of filaments for printing on a 3D
printer, and to assess the effect of printing on the properties of raw cast billets.

2. Initial data and experiment

To develop the composition of the filament for printing on a 3D printer, BASF steel feedstock 316LW
was chosen as the main component. Typical chemical composition of parts after sintering is as follows
(BASF, 2003):

C — >0.03 Mn —<2

Cr—16...18 Mo—2...3
Ni—10...14 Si—<1
Fe — Balance

The main characteristics of the feedstock are given in the table.

The main characteristics of the feedstock

Parameter Unit Typical value  Specification Test Method

MFI g/10 min 950 300...1300 ISO 1133 (190 °C, 21.6 kg)
Density g/em? 7. 90 >7.95 ISO 3369

Oversizing Factor 1.1669 1.1629...1.1710  RC/PQ-SH-1360

Numerous works (Amin et al., 2017; Kong et al., 2012; Hamidi et al., 2017; Raza et al., 2016) are
devoted to the selection of the optimal ratio of metal powder and binder in the feedstock. All researchers
adhere to approximately the same ratio of powder and binder - at the level of 60 to 40% (by volume).
This ratio in terms of mass gives in feedstock about 90% of the powder or more. A high powder content
leads to a low yield index (see Table 2), which is associated with a high feedstock viscosity in the molten
state (Korotchenko et al., 2018; Zheng et al., 2011; Raymond, 2012). To mix the binder and powder
components in the manufacture of feedstock, a laboratory twin-screw mixer was used (Fig. 2).

[
Fig. 2. Laboratory twin-screw mixer
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Filament elongates on a laboratory press through a specialized die (Fig. 3).

2
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Fig. 3. Laboratory press (left) and die (right)

At the exit of the die, the filament was cooled by running water in an inclined trough, which excluded
its extension and made it possible to obtain a filament of constant diameter. The diameter of the elongated
filament was 1.75 pm. To print green parts, we used a 3D printer Designer-X-Pro from PICASO-3D
manufactured in Russia (Fig. 4).
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Fig. 4. 3D-printer Designer -X-Pro: a - general view; b - printing platform

Printer specifications: number of nozzles - 2; support - soluble; printing area - 200x200%210 mm;
print speed - up to 100 sm*/h; nozzle diameter - 0,3 mm; print resolution - 50...250 um; positioning
accuracy - XY: 11 um, Z: 1.25 um; filament diameter - 1.75+0,1 mm; maximum printing temperature: -
380 °C; maximum table temperature - 150 °C.
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3. Research results. Discussion

The quality of the manufactured filament was evaluated by two parameters - tensile strength and
bending strength. The first parameter is used to assess the tensile strength of the filament when pulling
the filament through the extruder of a 3D printer. The second parameter gives an assessment of the
elasticity of the filament at the time the filament is fed into the extruder of the 3D printer.

The experiments showed that the filament obtained from the 316LW feedstock for standard MIM
technology breaks even with a slight bend. To increase the elasticity, the feedstock was mixed with an
additional polyoxymethylene (POM) and low-density polyethylene (LDPE) at a temperature of 170 ° C.
The more binder was added, the higher the elasticity of the filament was. However, with an increase in
the amount of binder, the fraction of powder in the feedstock decreases, which leads to an increase in
shrinkage of parts during sintering and to the likelihood of shrinkage defects, as well as to a decrease in
dimensional accuracy. As a result of the studies, satisfactory elasticity of filament was obtained with a
scale factor of 1.24. Fig. 5 shows two filament - one obtained from 316LW feedstock, the second with
the addition of a binder (feedstock 316LW P).

Fig. 5. Filament from feedstocks 316LWP (left) and 316LW (right)

As seen from Fig. 5, filament from feedstock 316L WP has much greater elasticity and does not break
with significant bends. Further studies showed that the addition of POM and LDPE in different ratios
significantly affects the strength of the filament. Fig. 6 shows the results of filament tensile tests at
different ratios of POM and LDPE. The tests were carried out on a universal electromechanical tensile
testing machine brand FP-10.
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Fig. 6. Filament load curves on a tensile testing machine:
a — tensile strength 7 MPa, POM: LDRE ratio — 85:15 (%wt);
b — tensile strength 10 MPa, POM: LDRE ratio — 95:5 (%owt)
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The more POM was in the binder composition, the greater was the filament tensile strength. The
manufacturers of feedstock as the main characteristics indicate the tensile strength and hardness of the
samples after sintering. To determine the strength characteristics, test samples were made (Fig. 7).
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Fig. 7. Drawing (a) of the manufactured sample and the sample itself (b)

Test samples were divided into two groups, differing only in the method of manufacturing raw
samples, and using the MIM technology, a raw sample was made, the binder was smelted and the sample
was sintered. Green parts of the first group were obtained on a Wittmann Battenfeld injection molding
machine (IMM) from feedstock 316LW, which belongs to the Smart Power series, machine type 50/60.
Green parts of the second group were printed on a Designer-X-Pro 3D printer from feedstock 316LW R.
Fig. 8 shows the results of tensile testing of samples.

MM 3D printing

300 250
=250 =200 //4
o~ | o] [a]
o | o
S Ee
% 100 ,/ Jc:)l()() |
7 50 j/ | »n 50

0 10 20 30 40 50 60 70 8&C 0 5 10 15 20 25 30 35 40
Time (s) Time (s)
(a) (b)
Fig. 8. Tensile Test Results: @ — injection molding machine, tensile strength 251 MPA; b —
3D printing, tensile strength 207 MPa

The low absolute values of the tensile strength are associated with the features of the experimental
mode of sintering of the samples (sintering temperature below 1350 © C, sintering time less than 1 h),
which made it possible to conduct a large number of experiments in a short time. The main goal, in this
case, is to assess the relative values of the tensile strength between the two methods of manufacturing
raw samples.

A decrease in the tensile strength by 18% for samples printed on a 3D printer is primarily associated
with printing modes. The printing modes are influenced by many factors, among which it is necessary to
note the print temperature, the feed rate of the filament to the print head and print speed. By controlling
these factors, it is possible to significantly increase the mechanical and operational properties of parts
printed on a 3D printer.
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4. Conclusions

The use of AT at the stage of manufacturing green parts for MIM technology allows you to use all the
advantages of this technology in a single and small-scale production of precision parts. BinderJet and
FFF technologies are easily integrated into MIM technology, complement each other and can be
effectively used for the production of green parts. In order to reduce the cost of filament for 3D printing,
in this paper it is proposed to use a standard feedstock for MIM technology with an additional amount of
binder, which does not require significant production costs and is easily implemented in practice. Tests
of parts printed on a 3D printer from a new feedstock showed a satisfactory level of their mechanical
properties. Optimization of printing modes will significantly increase the level of mechanical properties
of parts printed on a 3D printer.
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