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Abstract: Powder Injection Moulding (PIM), Metal Injection Moulding (MIM)
when is limited to metals, is a fabrication route of parts with the final shape
desired. This process combines the high capability of polymer injection
moulding to produce complex shapes with the advantages of a powder route to
process metallic, ceramic or composites materials. The process has some
limitations that comes from different technological steps involved in the
production of the part (feedstock production, injection, debinding and
sintering). All of these different steps can be industrially controlled, being the
PIM process a real alternative to produce complex parts in a high rate
production method that can compete with many other processing methods to
produce materials. In this work, we will go through the different steps of this
manufacturing process, making special emphasis on the solutions provided by
the powder technology group of the University Carlos III of Madrid (UC3M).
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1 Introduction

Metal Injection Moulding (MIM) is a materials processing route to produce parts of very
complex shape at very low cost. It has all the benefits of plastic injection moulding with
the advantages of powder metallurgy as near net shape processing for metals and
ceramics. When ceramic powders are involved in the process we call it Powder Injection
Moulding (PIM). Figure 1 shows a flow chart of the PIM process. The first step of the
process is the selection of the proper metallic or ceramic powders (in terms of size, shape
or granulometric distribution), with the desired composition and binder system that will
allow the injection process. The selection of the binder will influence not only the
injection process, but the debinding process too. Later, we will discuss some of the
possible options for this binder system. Once the feedstock is produced, we can inject it
to produce a green part. This green part should be debounded, and here the discussion is
focussed to choose the kind of debinding method that can be followed (solvent debinding,
catalytic debinding, thermal debinding, combinations, etc.). In this technology the
debounded part is designated a brown part. The brown part should be subsequently
sintered to achieve the final properties (density, mechanical properties or other
properties) in the part.
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Figure 1 PIM process chart
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Average size of PIM parts is around few centimetres, but there are examples from few
milimetres, but in the last years the pPIM technology has been developed in which the
final size of the part is under 1 mm in the large dimension (this means parts with no more
than a few hundreds of microns are in the large dimension, and usually sizes less than
100 pm are in the larger dimension) (Piotter et al., 2003). The uPIM technology has
opened the interesting field of nanotechnologies to this processing method (Supriadi et
al., 2007). MicroMIM is a process to produce micro devices at low cost, high
performance and with good dimensional control. Dimensions under 30-40 pm have been
already achieved. To date, dimensions under 30—40 um could be achieved (Liu et al.,
2003), so, if the used powder has an average size of 5 um, we can have a maximum of six
particles in this device. As can be deduced, the main constraint in this technology is the
size of the particles. For this reason, the uPIM was first developed (with ceramics that
usually have lower particle size), and one of the tendencies of the technology is to use
nanopowders with dimensions lower than 100 nm (Supriadi et al., 2007).

This technology has a lot of challenges that can be attained by modifying some of the
technological parameters that are commonly used in MIM (Loh et al., 2005): it is
essential to have a suitable binder system with low viscosity, giving easy mould filling
and higher green strength; suitable moulding parameters, such as higher melt and
mould temperatures and of course, the particle size should be smaller than in
conventional MIM. To improve the performance of puMIM, further materials and process
development have been carried out (Piotter et al., 2003): modelling tools must be
involved in any development and fine metal powders (even close to the nano size) have
been used.

Another interesting technological development in the PIM process is the adaptation of
the call “two colours injection moulding” of the plastic industry, that is usually called
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co-injection in the PIM field (Imgrund et al., 2005; Dourandish and Simchi, 2009; Simchi
and Petzoldt, 2010). To produce parts with the two-colour MIM technology, many
technological problems must be overcome, with the main one being controlling
distortions during heating, sintering and cooling produced by the possible different
thermal expansion coefficients of the two injected materials. Regarding this issue, one
interesting possibility is that the use of stainless steel of different grades is based on the
mixture of steels with different magnetic characters while maintaining similar thermal
characteristics. This is the development described in Simchi and Petzoldt (2010) where
two different stainless steels were injected (a combination of a non-magnetic and a
ferromagnetic stainless steel, 316 L and 17-4PH). The possibility of two-colour MIM is
not limited to a combination of two metallic materials. It is also possible to use a
combination of metal and ceramic, such as cemented carbides (Imgrund et al., 2005) or
yttria-stabilised zirconia (Dourandish and Simchi, 2009).

We will discuss some approaches for the different steps including different
alternatives in the materials selection.

2 Experimental process

Optimisation of the feedstock production is highly important to consider different
parameters: optimal solid loads, viscosity, flow index, yield stress, shear rate and
activating energy of the feedstock.

The main set of properties to be characterised in a feedstock are those related to
viscosity.

The viscosity is a property of fluids due to the intermolecular forces (i.e., between
their polymeric chains in the case of the polymeric materials), which impede changes in a
finite time, so that when a force is applied the fluid presents a certain resistance to flow.
This magnitude can be obtained as the relationship between the efforts necessary to
obtain a certain deformation rate in the fluid (equation (1)):

n=oly (1

where 7 is the viscosity [Pa's], o is the shear stress [Pa] and yis the shear rate [s'].
Studies performed by German (1997) have demonstrated that in order to avoid problems
during the injection stage, the feedstock viscosity must be less than 1.000 Pa‘s at shear
rates between 100 and 1.000 s .

We can have a measure of the viscosity of a feedstock by using a capillary reometer.
In this equipment we force the feedstock to pass through a hole of a measured diameter
(like an extrusion process) with a controlled force and at a measured rate. In Figure 2 we
can see, as an example, the different values obtained for a superalloy feedstock, based on
Polyethylene (PE) and different amounts of stearic acid. We can have another approach
to the viscosity through the measure of the torque in an instrumentalised torque. This is a
good way to get information to obtain the optimal solid load of powder in the binder
system. In Figures 3 and 4, we can see two different examples. The first one is related to
a stainless steel feedstock and the second to a glass powder feedstock.
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Figure 2 Viscosity of a PE-based feedstock of superalloy for different contents of stearic acid
and different shear rates (see online version for colours)
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Figure 3 Torque vs. stainless steel powder loadings added to the binder evolution (see online
version for colours)
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By means of the Ostwald and Waele’s power law — Ostwald (1925) and De Waele
(1923), the pseudoplastic materials behaviour can be described, or what is the same,
materials whose viscosity diminishes when the shear rate (7) increases. This law is given
by the following expression (2):

o=K-7", 2)

where K is a constant. The exponent ‘n’ is the denominated index of the power law or
flow index and provides the sensitivity degree of the viscosity with respect the shear rates

[}

variations. An exponent ‘n’ smaller than the unit indicates that the material is



92 J.M. Torralba et al.

pseudoplastic, increasing this nature according to ‘»’ makes lower. The flow index is
obtained from the slope of the resulting straight line when the shear stress vs. the shear
rate is represented in double logarithmic scale.

Figure 4 Torque vs. glass powder loadings added to the binder evolution (see online version
for colours)
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The minimum effort that is necessary to apply to a material in order that it begins to flow
is known as yield stress. This parameter which can be estimated using Casson’s model is
given by expression (3), where oy is the yield stress. High yield stress values can be
damaging for the injection process producing an incomplete filled mould.

0_1/2: O_Ol/2+ n- 7/‘/2 (3)

The activation energy is a measurement of the dependence of viscosity on temperature.
This dependency has a great importance in PIM since, if it is very high, it can cause
abrupt changes of viscosity during mould filling in the injection stage that can lead
to defects in the parts. High values of Ea imply a high dependence of viscosity
on the temperature and, therefore, they are harmful to the injection process. The
relationship between viscosity and temperature is like Arrhenius type as is shown in this
expression (4):

1(T) = 170 exp(Ea/RT), @

where Ea is the activation energy and R is the ideal gas constant. The activation energy is
obtained by calculating the slope of the resulting straight line when the logarithms of
viscosity and the inverse of the temperature are represented.

3 Results and discussion
An important part of the binder/feedstock characterisation is its thermal behaviour.

This is crucial for understanding its debinding process. The thermal characterisation can
be carried out in a differential thermal analyser at high temperature.
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Once the feedstock has been properly characterised and produced, the desired
shape should be injected. The injected part is called green part. The organic components
of the green par should be extracted/eliminated in order to obtain a polymer-free material
that should be sintered in order to obtain the final properties. We can choose among the
following debinding methods.

3.1 Catalytic debinding

The “polyacetal binder systems” should be debounded in a gaseous acid environment
(usually highly concentrated nitric or oxalic acid) at a temperature near 120°C
(a temperature slightly lower than the softening of the binder system). The acid acts as
catalyser in the degradation of the polymer binder system. All the reaction products are
burnt in a natural gas flame at temperatures above 600°C. This debinding method in these
feedstocks is highly efficient, producing a well-interconnected porosity after short times
(about two or three hours depending of the size of the component). In Europe this
is the most extended method to produce parts. The main drawback of this method is the
combination of aggressive acids (as nitric) with relatively high temperatures that
promotes corrosion in the surrounding equipments.

3.2 Solvent debinding

To remove the binder by this way, the binder composition should include a constituent
that can be dissolved in a liquid at low temperature so that a network of interconnected
porosity is formed in the part while being immersed in the solvent. Some possible
solvents used in MIM are acetone, ethanol (and other alcohols), hexane and water.
Except water, all the other options (organic options) can produce health problems if
precautions are not taken. Solvent debinding needs longer times than catalytic binder
removal, but investment cost and environmental problems (especially with water) are
much lower.

3.3 Thermal debinding

The binder system can be eliminated by burning the polymers by heating the feedstock at
temperatures at which the main polymers decompose or degrade. Temperatures can reach
800°C depending on the binder system, which requires times longer than catalytic
debinding. In order to reduce these long times, a combination of solvent and thermal
debinding can be used.

Conventional binder systems using PE as base can be easily debounded with a double
cycle of solvent debinding (i.e., using heptane) and thermal debinding (Herranz et al.,
2005). By using systems based on waxes, the debinding operation can be shortened.
Hidalgo et al. (2010a) demonstrated the use of different waxes to produce a binder
system that allows to get a reliable feedstock. The amount of different waxes should be
selected according to different needs of the process, but optimum processing parameters
can be reached by different amounts of waxes. This kind of feedstock systems based on
waxes can be properly injected and debounded.
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Recently some systems based on polysaccharides tend to find more ecological
degradation, thus avoiding petrol derived products. In Hidalgo et al. (2010b, 2012),
Cellulose Acetate Butyrate (CAB) is used as main component of the binder system.
Like other mentioned thermoplastics, CAB has excessive viscosity for MIM alone and
Polyethylene Glycol (PEG) and glycerine are used as non-harmful plasticisers. The
viability of the application of binder systems based on mixtures of these constituents will
be contrasted with the addition of high solid loadings of powder. After this study of
applicability to PIM technology of binder systems based on polysaccharides, it can be
concluded that these binder systems are feasible.

In order to allow a better injection and debinding process, small and spherical
powders are more suitable (Hidalgo et al., 2010b, 2012). In Figure 5, we can see the
typical morphology and size distribution of a metallic powder suitable for the MIM
process. But powders with different sizes and with a wider granulometric distribution can
be used to make the process cheaper. In Contreras et al. (2009), it was verified that the
particle shape and size of the powder used in MIM have a great influence on the
rheological properties of the powder—binder mixtures. The use of powders with irregular
particle morphology leads to an increase in viscosity, in the yield stress and, in general, to
a worsening of the rheological properties. The coarse particle size powder presented the
worse rheological properties and the results showed that over a solids loading in volume
of 58% the obtained mixtures do not possess the rheological conditions necessary to be
injected. The powder—binder mixtures fabricated from fine and coarse powders showed a
reduction in viscosity and improved rheological properties in comparison with those in
which the fine or coarse powders were used separately; therefore, using these mixtures
the injection process could be improved simultaneously such that the production costs are
reduced. These later powders need more care for the debinding process in terms of time
and heating/cooling rates (Contreras et al., 2009).

Once powders are debinded, the part can be sintered till the final properties are
reached. After sintering, theoretical densities of 95-97% can be reached. In Figure 6 we
can see, as an example, a bronze part in green, brown and sintered state.

MIM is a high versatile technology that can be used to produce different kinds of
alloys and by different ways depending on the used feedstock. Carlos III of Madrid
University, feedstocks have been successfully developed based on thermoplastics
(PE and polypropylene (PP)) mixed with paraffin wax and stearic acid, binders based on
mixes of different waxes (paraffin, polyethylene wax, carnauva wax, etc.) and binders
based on CAB. With these wide range of self-made feedstocks, bronze, stainless and
high-speed steels, ferrites, superalloys and different ceramics were effectively obtained.

4 Conclusions

MIM is a feasible technology which combines the flexibility of powder metallurgy in the
sense of the possible materials to be produced (any material that can be available in
powder shape), with the flexibility of polymer injection moulding in the sense of the
complexity of the shapes that can be reached. MIM can compete in surface finishing and
tolerances with investment casting. With MIM processing technique micro parts
as well as biomaterial can be successfully processed/fabricated.
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Figure 5 Up: Morphology of the AISI 4140 powder. Down: Size distribution of the
AISI 4140 powder (see online version for colours)
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Figure 6 Bronze part, from left to right: green, brown and sintered (see online version

for colours)
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