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RINGKASAN : Penekanan terhadap produk yang kecil, rekabentuk yang
f/eksibel, penggunaan yang meluas serla kos yang rendah telah menyebabkan
proses konvensional amat terhad. Pendekatan baru bagi menyahut cabaran
tersebut ada/ah pembangunan proses Pengacuan Suntikan Logam (PSL).
PSL merupakan teknologi terkini yang dapat menghasilkan produk logam
dan aloi yang mempunyai bentuk yang rumit dengan kuantiti yang banyak
dan kos yang rendah berbanding dengan proses pemesinan. Proses ini
merupakan cantuman dari proses pengacuan suntikan plastik dengan
kajilogam serbuk yang menggunakan serbuk logam yang kecil. Kerlas ini
akan membincangkan teknik asas PSL serla aplikasinya. Perhatian juga diberi
kepada pembangunan PSL di SIRIM Berhad termasuk/ah kemudahan makmal
dan projek penye/idikan yang berkaitan.

ABSTRACT: The emphasis on miniaturisation, design flexibility, broad based
applications and low cost has been stretching the capabilities of conventional
manufacturing routes to the limit. An example of a new approach to meeting
such challenges has been the development of Metal Injection Moulding (MIM).
MIM is a growing advanced technology with the ability to produce large
numbers of small complex near net shape parts from different metals and
alloys at cost lower than machined parts. This process technology is an elegant
blend of plastic injection moulding, based on the use of fine powder particles
and the application of polymer science and conventional powder metallurgy,
which delivers structural materials using a forming technology previously
restricted to polymers. This paper discusses some of the basic MIM processes
and applications. Attention is also given especially to recent MIM developments
in SIRIM Berhad including the MIM facilities and research projects.
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INTRODUCTION
Metal injection moulding (MIM) is a technology that offers a cost-effective method of producing
components where small complex shapes and high performance are requirements. A wide
range of metals can be used to form products with MIM. It is a rapidly developing technique for
the mass production of intricately-shaped objects with near net-shape (German, 1990 ; German
and Bose, 1997). It has overcome the property limitations inherent to plastics namely; the
shape limitations of powder compaction, the cost of machining, the productivity limits of isostatic
pressing and slip casting , and the defect and tolerance limitations of casting.
The MIM process begins with the selection of powder particles and binder. The powder particles
are small to aid sintering densification and generally have average sizes between 0.1 and 20
µm with near spherical-shape, the smaller diameters being more typical of ceramic powders
(German and Conrwall, 1997). The binders are multi-polymers with plastisizing and lubricating
additives in appropriate proportions. In order to form a feedstock, the powders are mixed in
precise proportions with an expendable binder and additives. These polymeric additions often
comprise as much as 40 vol. % of the total feedstock. The feedstock is usually granulated and
fed into an injection moulding machine.
The palletized feedstock is injection-moulded into a desired shaped by heating in the moulding
machine and hot ramming it under pressure into the tool cavity. Pressure is maintained on the
feedstock during cooling in the die to minimise void formation (German, 1990 ; German and
Bose, 1997). After sufficient cooling, the compact is ejected from the mould. On removal from
the mould, the compacts have more than adequate strength to be handled. The binders and
additives used in the moulding are now removed by a process which is known as debinding
and is a critical step between moulding and sintering. The extent of the binder removal requires
careful monitoring and control to retain the shape of the compact. Inherent to all debinding
processes is the demand that the binder has to guarantee part stability until the metal frame is
stable enough to support itself. The next step is sintering which causes particles to bond
together, leading to densification. Sintering is performed in a protective atmosphere or vacuum
at a peak temperature that causes rapid elimination of the pores previously filled with the
binder materials. After sintering, the compact has excellent strength with properties often
superior to those available from other processing routes.
This paper provides an introduction to the MIM process technology for manufacturing of
complex and precision engineering components. This review will cover principles associated
with various processes including powder and binder selection, feedstock preparation and
homogeneity, moulding behaviour, debinding and sintering. Attention is also given especially
to recent MIM developments at Advanced Materials Research Centre (AMREC) in Kulim.
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Figure 1. The process flow of MIM

POWDERS FOR MIM
Powder characteristics affect the properties of both the feedstock and the final product. A finer
powder is often employed to enhance sintering with a wider size distribution, which also
enhances packing density and sintering. Particle shape is also important in that spherical
powders aid the packing density in the feedstock and also promote better flow of the mixture
into the mould. Agglomerated powders are undesirable as they prevent uniform wetting, mixing
and packing of the powders and decrease flowability (German, 1990 ; German et.al, 1991 ).
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Figure 2. Scanning electron micrographs of different shapes of MIM powders; a) irregular
NdFeB magnetic powder; b) spherical 316L stainless steel powder used at AMREC, Kulim

Often, these attributes are in conflict. For example, a spherical powder gives high packing
density and thereby minimise the quantity of binder needed in moulding as well as reducing
shrinkage during sintering. However, because there is no mechanical interlocking between
spherical particles, the green part will have a comparatively lower strength, especially after
removal of the binder. In contrast, ligamental or irregular-shape powder particles raise the
viscosity of the feedstock mixture and yield a lower packing density thus requiring more binder
(i.e. low powder loading) and that results in larger sintering shrinkage. Due to better particle
interlocking, the shapes produced will have high green strength and give better component
shape retention during sintering (Chung, et. al, 1989). Figures 2a and b show powders of
different shapes used in the MIM process.
Generally, in selecting a powder for a MIM process, the desire is to attain high packing density
structure that resists distortion while being responsive to mixing, moulding, debinding and
sintering with minimal problems. The important parameters of particle size and shape need to
be understood to establish a successful overall process.

BINDER SELECTION AND ADDITIVES
Generally, a binder system has three major components: a back-bone polymer that provides
strength, a filler that is easily extracted in the first stage of the debinding process and a
surfactant or additive to bridge the binder and powder while reducing the viscosity and lubricating
the mould wall . Such a combination gives good flow behaviour in injection moulding and a
subsequent stepwise binder removal in the debinding process (Chung et. al, 1989 ; German
and Cornwall, 1997).
In a general classification, there are five types of binder system used in MIM as suggested by
German (1990) and German et al. (1991 ). They are: (i) thermoplastic compounds, (ii)
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thermosetting compounds, (iii) water-based systems, (iv) gelation systems and (v) inorganics.
Various combinations of these are possible . Although there are many types of binders,
thermoplastics are by far most widely used in binder formulation and these include polyethylene,
polystyrene, polypropylene and wax- based materials. Besides the major thermoplastics and
waxes, the binder contains other additives for lubrication, viscosity control, wetting and debinding
functions.
Waxes, more than any other constituent are routinely used in MIM because they have low
melting temperature , good wetting property, short molecule chain lengths, low viscosity
and decompose with smaller volume changes than any other polymer. A short molecule
chain generally satisfies the needs for good formability and minimal orientation in the
moulded component. Waxes enhance the wetting and lubrication properties of a feedstock
(German, 1990).
There are other ingredients that are added to the wax/polymer mixture in order to modify the
powder wetting , mould lubrication, mixture viscosity, residual stress and debinding behaviour.
These additives have various names such as plasticisers, wetting agents, surfactants and
strengtheners. Plasticisers are used to lower the fluidity of the feedstock. Coupling agents
promote the interfacial reactions between binders and powder. It has been reported that, at
low concentration , stearic acid and stearate derivatives are the most important additives.
They reduce the binder/powder interfacial energy and contact angle and their usefulness
increase as the particle surface area increases. Stearic acid also acts as a mould wall lubricant
(German and Bose, 1997 ; German and Cornwall, 1997).
An ideal binder for MIM is typically composed of several components that are partially
intersoluble with each other. The multiple components allow for progressive decomposition in
debinding. One component is removed to produce open pores and the remaining binder
holds the particles in place and retains the compact shape during the first stage of debinding .
Subsequent debinding will allow the remaining binder to vapourise through the open pores
without generating a pressure that might cause compact distortion.

INJECTION MOULDING
In the simplest form, moulding consists of heating the feedstock to a sufficiently high temperature
such that the binder is melted, fluidising the mixture before forcing it into a cavity where it
cools and form a compact shape. The objective is to attain the desired shape free of voids or
other defects with a homogeneous distribution of powder. The feedstock must therefore have
sufficient low viscosity at the moulding temperature to flow freely into the mould and
subsequently leave minimal residual stress.
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Figure 3. Mixing process to form a
homogenoues feedstock using
Brabender Plastigraph

Figure 4. An injection moulding
process using 80 ton MIM machine
inAMREC

To obtain reproducible results, moulding is often carried out under strictly controlled conditions
of temperature of feedstock, and pressure which are influenced by the configuration of the
barrel, runners, gates and moulds. Control of these parameters within the required levels can
now be archived with the advert of close-loop computer-based, control systems applied to an
injection moulding machine.

DEBINDING PROCESS
The debinding process involves removal of the organic portion of the moulded part while
assuring that no cracking occurs and that there is no binder residual. Debinding is the most
crucial step in the MIM process because the binder must be extracted without distorting the
component. When the binder is heated , it softens and is unable to withstand the stress due to
gravity, temperature gradients or internal vapour pockets. Alternatively, when the pores are
partially open, capillary forces resist distortion as the binder softens. Thus, progressive, stepwise
removal of the binder is mandatory in order to ensure the component can maintain its shape.
A challenge in the improvement of the debinding process involves shortening the cycle time,
but not to the point where incident defects and binder cracking are increased. Early debinding
practice, as taught by Weich (Wiech, 1980, Wiech, 1981, Wiech, 1983) relied on thermal
degradation, requiring a long time for complete binder removal in order to avoid part distortion.
In recent developments, debinding occurs in as little as two hours for some small components
and can be incorporated into the heating phase up to the sintering temperature.
Solvent debinding routes are now more favoured by MIM practitioners. They involve immersing
the moulded part in a fluid that dissolves at least one binder phase, leaving an open pore
structure for subsequent binder burnout. Since most of the polymer is extracted without
degradation reactions, this technique provides easier control of dimensions and of the final
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Figure 5. A crack due to binder
swelling during rapid thermal
debinding

Figure 6. A good specimen after
solvent extraction process

carbon content. Additionally, solvent debinding shortens the debinding cycle significantly and
has therefore been rapidly accepted by industry (German and Hens, 1992).
In recent developments at AM REC (Omar et. al, 2000 ; Omar et.al, 2001 ; Omar et. al 2002a
and 2002b) water is used as the solvent as it more economical and avoids the health hazards
associated with organic solvents. The binder system was developed in the laboratory. The
binder has two main components, one that is water-soluble and one that remains to hold the
powder particles together.
The water soluble components are composed of polyethylene glycol having molecular weight
of 1500, and polymethyl methacrylate as the insoluble binder. The new system has been
successfully used for metal powders. The debinding time has been shown to be significantly
reduced compared with conventional binder systems and the moulded parts have adequate
strength for handling, even after water leaching.

Figure 7. Scanning electron micrographs showing; a) the binder fairly distributed
throughout the green body; b) the formation of open pore channels after water
leaching which accelerate the thermal pyrolysis process from days to hours
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SINTERING PROCESS
Structural integrity for MIM compacts results from the sintering process, which is a thermal
treatment for bonding the particles into a coherent, solid mass. This is a necessary step once
the binder is extracted. The working definition of sintering is given by German and Cornwall
(1997) as : "a process of thermal treatment for bonding particles into a coherent, predominantly
solid structure via mass transport events that often occur on an atomic scale". The bonding
leads to improved strength and a lower energy system. Pores are eliminated as a part of
particle bonding and the compact shrinks in size. Sintering densification usually occurs close
to the melting temperature for the materials. The bonds between particles grow by the motion
of individual atoms via either solid-state or liquid-phase events.
Accompanying particle bonding during sintering is a significant increase in hardness, strength
and other engineering properties, including ductility, conductivity, magnetic permeability, wear
resistance and corrosion resistance. These property changes are primary concerns in designing
MIM sintering cycles. Sintering is inherently dependent on particle size and shape, temperature,
time, heating rate, atmospheres and initial powder packing. Smaller particles sinter faster
because the surface energy per unit volume depends on inverse of particle diameter. Small
particles and small pores have a higher energy per unit volume, more available surface area,
and sharper curvature. Each of these factors contributes to faster sintering.
Sintering is also improved by a high initial packing density because the pores are smaller and
there is a greater degree of particle contact. Through the proper choice of powder and binder,
it is possible to improve the density of the green compact prior to sintering. Higher green
densities give more initial particle contacts, and smaller initial pores, with less contraction
needed to obtain the final density. In the extreme, green densities below 40-45% are theoretically
difficult to sinter (German, 1990; German and Bose, 1997).
Many sintering atmospheres are used in MIM, including air, inert gas, hydrogen, hydrogennitrogen mixtures and vacuum. In all cases, a major concern is the concentration of the
reactive species. An inert gas atmosphere is neutral and results in little thermochemical
interaction with the compact. Although it can be useful when sintering a reactive material, the
lack of reduction of oxides makes inert gas sintering a poor choice for most applications.
Furthermore since inert gases are insoluble in the sintering material, gas filled pores are not
closed during sintering in terms of reducing power. Hence, pure hydrogen is most favourable
as it provides protection from oxidation, but importantly reduces many oxides. However, the
as it provides protection from oxidation, but importantly reduces many oxides. However, the
presence of moisture can lower the ability to reduce ox.ides and makes the atmosphere
decarburising. Hydrogen isalso most expensive. (German andBose, 1997)
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Figure 8. Photograph shows the tensile specimens
in different stages of the process.
A) as-moulded b) as-debound and c) as-sintered

APPLICATIONS OF MIM
MIM sales of over 700 million in 2002 may have fallen short of the US 1 billion forecast for the
sector at the end of the last decade, but the total represents a very healthy annual growth rate
set against a mere 9 million annual sale as recently as 1986. The driving growth factors are
trends in the end-user industries towards smaller, more complex, lighter, more tightly tolerance,
and more highly integrated products. The most promising among these are the ultra-small
precision parts required for a growing number of applications such as micromotors, actuators,
sensor, microvalves and pumps, armaments, medical instruments and biomedical implants
among others. The expanded usage are due to its ability to achieve design features such as
thin walls, undercuts, internal or external threads, tapers, square and flat-bottomed holes or
holes at angles to one another (Williams, 2002).
MIM has also benefited from a surge in interest from the automotive sector. Examples of
automotive applications include the production of rocker arms for a variable valve timing
mechanism by a company in Japan. The shape of this rocker arm would be difficult and costly
to produce by forging and machining. Other examples of automotive applications include
valves, fuel injection nozzles, transmission parts, steering levels and a reverse gear stop
(Williams, 2002).
One of the main reasons for the increasing popularity of MIM is the high return on investment
and profitability. This is primarily due to the high added-value of the sintered MIM parts. However,
an important factor is the relatively low level of capital investment required for this sector. The
investment needed is similar to that for plastic injection moulding, and MIM offers the advantages
of near 100% material utilisation, little or no secondary machining, superior mechanical
properties, surface finish and tolerances. Generally speaking, any shape that can be produced
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in thermoplastics by injection moulding can be produced in metal by MIM, but there are certain
limitations in both cases.
A pioneer of MIM in Malaysia, Advanced Materials Research Centre (AM REC) , SIRIM Berhad,
is now enjoying the industry's burgeoning growth. Already a specialist in stainless steel part
production and binder development, the Centre is looking to move into new markets and
materials. Activities at AMREC embrace all aspects of MIM - from binder development to the
consolidation of the finished products. Close collaboration with the industries and other
universities has resulted in the increasing awareness of this technology in Malaysia.
Some of the facilities in AMREC are : 80 ton Arburg metal injection moulding machine, MCP
vertical injection moulding machine, a capillary rheometer, sigma blade mixer, a brabender
plasticorder, granulator, 2 multi atmosphere sintering furnace with temperature capabilities up
to 1800°C, powder characterization equipment including laser particle size analyser, pycnometer
densitometer, Netzsch Simultaneoues Thermal Analyser and dilatometer.
Current research projects at the MIM Laboratory in AMREC include: development of novel
water soluble and palm oil binder system for metal and ceramic powders, rheological properties
of the MIM feedstock, development of titanium and titanium alloy for medical applications,
injection moulding of stainless steel and magnetic materials for high performance applications.
Some of the results have been discussed elsewhere. (Omar et al, 2003a and 2003b ; Selamat
et. al., 2003 ; Ibrahim et. al., 2003 ; Omar et. al, 2004). The group has also successfully filed
one patent for the improved binder system in 2004.
In looking for new opportunities, the emphasis will be for applications that can best utilise the
advantages of MIM. AMREC has been working on magnetic materials, such as NdFeB for
some time. Although the Centre is yet to begin commercial production of any parts, it believes
the material which is well suited to the production offer significant potential. Another promising
area is the automotive sector. It is a sign that this vast potential market, that has previously
considered the MIM industry to be of insufficient size and maturity for large volume applications,
is beginning to show heightened interest in the possibilities of this technology.

CONCLUSION
It is important to recognise that MIM is best applied to the fabrication of complex shaped, high
performance components. This continues to be a major growth. The key success of MIM is its
ability to combine the shape forming capability of plastics, the precision of investment casting
and the materials-selection flexibility of powder metallurgy. Despite these advantages, the
commercial potential of this technology is far from being exploited in Malaysia.
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