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Resume

This article presents a technology that is not widely known. Previous
research has investigated the effect of metal injection molding parameters on
product shrinkage. The technology is mostly limited by the variations caused
by deformation, so it is of paramount importance to focus on shrinkage.
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Consequently, within this study the injection molding simulations with Keywords:

17-4PH type material was performed and its results were compared to  metal injection molding
the previously determined curve characters. The results obtained allow simulation

conclusions to be drawn regarding the accuracy of the simulation. Changing  molding

the parameters of the injection molding process can significantly affect the
shrinkage factor. Changes in mold temperature, melt temperature and
holding pressure affect the product dimensions. These parameters are
also modified in the simulation setup and compared to the previous real

measurements.
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1 Introduction

Metal Injection Molding (MIM) is a very rapidly
developing technology, which can be best compared
to a combination of powder metallurgy and plastic
injection molding. In recent years, it has spread to
a growing number of fields, with applications in a wide
variety of areas outside the defense, healthcare and
automotive industries. Based on the idea of plastic
injection molding, metal powder particles are embedded
in a binder and the resulting pellets are pressed into
a durable mold by an injection molding machine [1-6].
The resulting granules are commonly called feedstock.

The product that falls out of the mold is the so-called
green product. The product in this state is a semi-
finished preform, with further steps to achieve metallic
properties. So, the next step is to reduce the resulting
product in a binder and form an open pore structure,
which is true for the entire cross section of the product.
In the raw material mixture, it is expected that the
individual powder particles, which must be surrounded

by a very thin film of binder, are in close contact with
each other. There are several types of binder removal,
depending on the type of binder system. These can be
solvent-based, catalytic, water-based or supercritical
binder systems. The bottom line is that the binder must
work in such a way that the product is porous, but still
has enough binder to hold the particles together.

The binder-reduced product is called the brown
product. The product is the most fragile in this state, so
it is not recommended to move the product at this stage.
In the sintering phase, the product is heated in a high
temperature furnace at temperatures below the melting
point [7-10]. The process is shown in Figure 1.

Most researchers investigated the influence of the
metal powder properties on technology, the rheological
properties of the binder and the effect of technology on
shrinkage [11-14].

Some researchers analyzed the geometrical effect of
the finished workpiece and the limiting value of solvent
binder removal [15-17]. These studies contributed
greatly to a better understanding of this less known
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technology and to a better exploitation of its potential,
but beyond that, little attention is paid to preliminary
parameterization or modelling.

In the MIM, it is difficult to gain sufficient knowledge
for optimal process development from experiments
alone. Therefore, we investigate the applicable
software to the process in addition to experimental
research at Neumann Janos University, Department of
Innovative Vehicles and Materials. A range of necessary
equipment, including a computer-controlled injection
molding machine, a decomposition furnace and a high-
temperature sintering furnace, are organised in an
easily adaptable way with data acquisition systems for
different physical quantities.

Through their experiments, Barriere et al. have
developed a combined application of modelling and
numerical simulations to MIM to ensure that parts
are free from defects and have the required mechanical
properties. Modelling of the injection stage, based on
the two-phase flow composition of the powder-binder
mixture, has enabled an access to the powder deposition
during the injection and an understanding of injection
defects [18].

Results from authors® previous research showed
that the shrinkage properties of parts manufactured
with MIM do not behave like plastics, so the simulations
were operformed to investigate its applicability for the

characterization of deformations [19-20].

We have started to produce a green product using
additive manufacturing linked to the technology
presented earlier and are already working on chip
testing of sintered test pieces based on previous studies.
[21-22].

2 Material

The selected material is martensitic stainless steel,
commercially known as 17-4PH, and its main components
are listed in Table 1 [23]. This material is commonly
used in both MIM and additive manufacturing processes,
which is why it is advantageous to use it [24]. Opposed
to moststainless steel grades, this exhibits excellent
mechanical properties, making it widely utilized in
various industrial applications. It is frequently applied
in aerospace and space technology, as well as in the oil
and gas industry. It is used for the production of screws,
springs, nails, gears, and it finds applications in the
medical field for manufacturing surgical instruments,
as well. The binder used in the process consists of two
main components: polypropylene and wax, which are
mixed with the metal powder at a ratio of 6 % by weight
[25]. The connection between the binder and the metal
powder is shown in Figure 2.

Metall powder

Finished part

*®
e @ED |
Sed

Polymer binder

i

Granulation

. Feedstock

Metal Injection Molding
MIM

—— Injection
Brown part molding
Green part
Debinding
Figure 1 The metal injection molding process
Table 1 17-4PH stainless steel chemical composition [24]

% Cr Mn Si Ni Cu
Min 15.0 - - 3.50 3.00
Max 17.5 1.00 1.00 5.00 5.00
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Figure 2 the SEM image of the 17-4PH powder embedded in binder
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130

Figure 3 Test specimen measures

3 Methodology of injection molding
experiments

Molding shrinkage values were determined by
measuring the spacing of holes in a test specimen of
a dog-bone geometry, Figure 3. It is important to note
that the product was tested in “green” condition. In an
intermediate step, the row of locking bars in the holes
was removed using a reamer. Measurements were taken
using an optical measuring device to ensure accuracy.

3.1 Tool used for testing

For conducting the experiments, we employed
a specialized molding tool, that was designed for
production of a test specimen, weighing around 36
grams. This mold is versatile and can accommodate

various types of tests. It is equipped with cooling
channels on both sides and includes a central heated
nozzle that feeds the mold cavity through a short cold
runner.

Figure 4 provides an illustration of the mold utilized
in the experiment.

AFT Hungary Ltd generously supplied us with the
tool and the opportunity to perform testing with it.

3.2 Molding parameters

The melting temperature was set to correspond to
the average processing temperature of the polyethylene
(PE) component in the binder, and the holding pressure
was set at the midpoint between the two extreme
processing limits. The highlighted parameters can
be viewed in Table 2. The ideal mold temperature
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Figure 4 The tool used for the test

Table 2 The defined processing parameters

Parameter Value
Injection volume 6.56 cm?/s
Injection pressure 903 bar
Postpress time 2s
Post pressure 827 bar
Cooling time 15s
Tool temperature 45°
Melt temperature 205 °C
Table 3 The changed parameters and corresponding values
Variable Back Tool Melt
press., bar temp., °C temp., °C
Deviation - 550 25 195
Deviation - 690 35 200
Average value 827 45 205
Deviation + 965 55 210
Deviation + 1103 65 215
Deviation + 1241 75 220

was determined based on practical observations and
experiments. The main objective in designing the
experiments was to vary the critical parameters - melt
temperature, mold temperature and holding pressure -
independently of each other. The variables are shown
in Table 3. Consequently, this resulted in production

of 16 different process settings. To ensure process
stability and thermal equilibrium, the first 5 cases were
eliminated. Subsequently, 10 test pieces were produced
for each configuration. Out of those, 5 were left as green
parts, while the remaining 5 were binder removed and
sintered.
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Table 4 The varied parameters and corresponding values

Parameters type

Set value

Molding Material
Process controller
Injection molding machine
Mold material

Solver parameters

Catamold 17-4PH : BASF
Process controller defaults
Default injection molding machine
Tool Steel S-1

Thermoplastic injection molding solver

Figure 5 The simulation model built with a volumetric mesh

Deflection, all effects: Deflection
Scale Factor = 1.000

[mm]

I0.2878

Location 1: 0.2077[mm]

0.2185 \

0.1492
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Location 2: 0.2125[mm]

Figure 6 The simulation model obtained after deformation with the two measurement points

4 Simulation method

A simulation was performed to evaluate the
correlation between the actual measured values and the
simulation on the test specimen.

For the simulation, we used Autodesk Moldflow
software, a tool specifically designed for simulation
of the polymer injection molding, as shown in the
set parameters. The simulation included filling and
packaging processes. Table 4 shows the set values of the
simulation.

The test material consisted of 94% metal powder
(17-4PH) and 6% binder (PP and wax) granules. In
contrast, the raw material selected for the simulation
contains 17-4PH metallic powder, but has a catalytic
binder removal system (Catamold) manufactured by
BASF.

4.1 Definition of shrinkage values in the
simulation software

The primary objective of the study was to assess the
measurability of linear shrinkage of the product under
simulation conditions.

The simulation model was created using a 3D volume
mesh consisting of 0.8 mm edge length tetrahedrons, as
shown in Figure 5. It consists of 10 layers in thickness.

Figure 5illustrates the simulation model constructed
with the spatial mesh. The product was made with the
same gate and inlet as the injection molded part. The
basic injection molding parameters, including filling
time (injection time), holding pressure and cooling time,
remained consistent for both the simulation and real
tests.

To determine the linear shrinkage, measurements
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Figure 7 Real and simulated mold temperature curve
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Figure 8 Real and simulated holding-pressure curve

were taken on the axial spacing of the holes as shown
in Figure 6. The distance (displacement) between the
two marked points was evaluated on the simulated
image. Based on this distance measurement, the
software calculates the shrinkage value based on the
product’s deformation with shrinkage compensation
turned off.

5 Results

The hole distances of samples from the real injection
molding tests were measured and the shrinkage value
as a function of the parameter was shown in a diagram.
The shrinkage value was determined using the following
formula.

Shrinkage = (% - 1)- 100 (1)
In the simulation, the measurements were carried
out according to the same principle and plotted in
a diagram.
The main factor affecting the size of the product is
the temperature of the mold, as illustrated in Figure 7.

Shrinkage ranged from 0.34% to 0.72%, a significant
variation, which translates into a dimensional deviation
of approximately 0.4 mm over a 100 mm test length.

The solid-line curves always represent the real
test results, while the broken-line curves represent the
simulation results.

5.1 Modifying the working temperature
of the tool

The curve shows an upward trend similar to plastic
injection molding, but only up to 55 °C. Beyond this
temperature the shrinkage value starts to decrease.
During the experiments, it was observed that at
higher mold temperatures the products exhibit a “wet”
appearance, probably due to the wax extraction from the
binder, as shown in Figure 7. Consequently, the metal
particles can replace the precipitated wax, resulting
in a reduction of the shrinkage factor. It is assumed
that this can be quantified based on the percentage
composition of the component. For the simulation results
it was observed that the shrinkage values show an
increase when the temperature is increased, similarly to
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Figure 9 Real and simulated melt temperature curve
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Figure 10 Combined shrinkage curve

the real injection molding tests. It is observed that the
nature of the curves is similar and peaks at 65 °C mold
temperature.

5.2 Modifying the holding-pressure
of the injection molding

The relationship between the shrinkage and the
change in holding pressure is different as for polymers.
The results show that shrinkage reaches a maximum
around 900 bar, as shown in Figure 8, leading to reduced
shrinkage at higher or lower pressure levels. It is
essential to stress that the effect of the applied pressure
on shrinkage is much less important than that of the
mold temperature. The holding-pressure curve shows
a similar character to the injection molding of plastic
polymers, but differs significantly from the results
obtained in real experiments, both in characteristic and
in magnitude.

5.3 Variation of the melt temperature

Deviations from standard plastic processing
parameters can be attributed to a variety of factors, but
a comprehensive study is needed to fully understand
them.

Of all the parameters studied, the variation of
the melt temperature had the least effect on product
dimensions and the curve showed a significant variation
of deviations, as shown Figure 9. The curve generated
from the change of the melt temperature shows a similar
character to the injection molding of plastic polymers,
but differs significantly from the results obtained in real
experiments in nature, as well as in magnitude.

5.4 Combined shrinkage factor graph

We combined the results in a common graph to
better understand the effect of the different parameter
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variations on the shrinkage of the product, Figure 10.,
Different parameters are plotted on the horizontal axis
with a common characteristics, as low, medium and
high values. Those values represent the limits of the
processing window. A solid line indicates the real results
and the broken line indicates the simulation results.

6 Summary and conclusions

The experiments were carried out with the aim of
facilitating the simultaneous application of modelling
and numerical simulations and the comparison of the
actual measured results within the MIM process. To
minimize the deformation of the MIM parts, it is
important to know the effects of injection molding
parameters.

Summary of research results:

e Simulation results at lower temperatures are closer
to real measurements, however,

* with increasing temperature, there was a significant
discrepancy between the simulation and real tests.

e The variation of the holding-pressure parameter
shows a different characteristics.

®  The difference in the magnitude of the discrepancies
may be caused by the binder system not being
exactly the same, but the out-of-character behavior
may be caused by the simulation model itself. The
assumption is supported by the correspondence
of the characteristics of the curves obtained from
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