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ABSTRACT

The literature concerning the injection moulding of engineering
ceramics has been reviewed. This indicated that a number of
claims had been made for the successful use of different organic
binders during moulding and their removal prior to sintering.
However, many of the claims were not supported by detailed/exact
ekXperimental evidence as to powder-binder compositions, moulding
conditions, moulded properties, debinding times/cycles, or
detalils of the structure and properties of the solid ceramic
bodies produced. From the available information it was clear
that there were few systematic and scientific investigations
concerning the understanding of each stage of the injection
moulding process.

The present research programme has been carried out in two
phases as follows. The first phase was concerned with the re-
investigation and re-evaluation of binder systems claimed to be
successful for the injection moulding of alumina ceramics.

The binders re-investigated included the thermoplastic-based
binders such as polystyrene, polyacetal and atactic
polypropylene and the water-based methylcellulose (Rivers)
binder system. Alumina was chosen as the main powder to be
investigated due to its simple handling and highest applications
amongst ceramic materials and on the basis that there is
incomplete published work for almost every step of the injection
moulding process. During the first stage of this work the
optimum properties such as powder-binder compositions, mixing
and moulding conditions, debinding properties, green and
sintered densities provided by each binder system were
determined. The results of these investigations showed that all
the previous (re-evaluated) binder systems had major limitations
and disadvantages. These included 1low volume loading (64 %
maximum) of the alumina powder resulting in rather low sintered
densities (96 % maximum-of theoretical density) and very 1long
debinding times in the case of the thermoplastic-based binders.
Véry low alumina volume loading (55 % maximum resulting in a 94
% sintered theoretical density) and long moulding cycle time (-
5 min) along with adhesion and distortion problems during
demoulding occurred in the <case of the water-based

methylcellulose binder system. Further work did not appear
worthwhile.

The second phase of the present work has involved the
development of new binder systems in order to obtain better
properties such as higher volume loadings of the alumina powder
(to obtain higher sintered densities and hence better mechanical
properties), better moulding and demoulding properties, shorter
moulding cycle times and shorter debinding times (where
possible) than those of the existing/re-evaluated binder
systems. These new systems were a thermoplastic+wax based binder
system (polyisobutylene+montanester wax+liquid paraffin) and a
water-based (polyvinyl alcohol) binder system. This phase has
involved studies of powder-binder compositions and rheological
properties, studies of thermogravimetric behaviour of the
binders and also their removal processes, determination of
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moulding and sintering conditions, microstructural studies and
determination of mechanical and thermal properties. The use of
these new binder systems has led to higher moulded and sintered
densities of alumina which resulted in improved flexural and
compressive strengths (27-35 %), as compared with the best
results claimed in the literature for injection moulded alumina.
A maximum possible volume loading of 70 ¥ of the alumina powder
resulting in a 98.5 % sintered theoretical density were achieved
by the newly developed thermoplastic+wax based binder systen.
With the newly developed water-based binder system a 56 % volunme
loading resulting in a 96 % sintered theoretical density with a
moulding cycle time of < 1 min was achieved without any adhesion
and distortion problems. Thermal conductivity data have been
determined experimentally for injection moulded alumina ceramics
(having different compositions) for the first time and the
results are as good as, if not marginally better than those
claimed for alumina produced by compaction techniques.

The newly developed binder systems have been used with a number
of other powders such as zirconia, silicon nitride, silicon
carbide, tungsten carbide-6 weight % cobalt and iron-2 weight %
nickel, to establish - whether injection moulding is feasible.
Optimum properties such as powder volume 1loadings, mixing,
moulding, demoulding, moulded densities, debinding and some
sintered density results showed that these new binder systems
can also be used successfully for the injection moulding of
other ceramic and metallic powders, although a fuller evaluation
of the properties such as optimum sintered densities and
mechanical properties is required.
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CHAPTER ONE

1- INTRODUCTION

Ceramic/metallic powder injection moulding technique has gained
universal attraction for the -production of near-net shape
components with complex shapes, high dimensional accuracy, high
strength and uniformity, low scrap rates and reasonable cost at
highly automated production: rates (1). Due- to such properties
the powder injection moulding (PIM) technique 1is considered
superior to the other powder fabrication techniques such as the
present die compaction technique which can only be used for the
production of simple shapes with low  aspect, i.e.
length/diameter, ratios. Cold or hot 1sostatic pressing
techniques can be used for -the production of more complex shapes
but these techniques are very expensive for mass production. It
is also very well known (2) that the PIM technique can be used
for the production of any fine ceramic or metallic powder that
can be sintered and that this technique offers more benefit than
the usual thermo-mechanical methods for- the production of
certain powders which are hard, brittle, non-plastic and have
relatively high melting points and rely almost entirely on
powder metallurgy techniques as the only viable fabrication
method. Oxide ceramics such as alumina, cermets such as tungsten
carbide-cobalt alloys, nitrides such as silicon nitride and
carbides such as silicon carbide are typical examples of such
powders which have been injection moulded.

From this background it is quite clear that the PIM process will
have a better future provided that it is understood more
scientifically and . technically and also accepted more
economically as a viable production technique (1). It is partly

for these reasons :-that the present research program was
commenced.

The present injection moulding process originated from the die-
casting technique for non-ferrous alloys which were melted and
then injected into closed dies to form the desired shapes. This

technique was later applied successfully in the plastic moulding



industry with its first application being the production of
continuous rod, sheet or tube made out of cellulose nitrate
plasticised with camphor by extruding it through a nozzle into
a cooled mould. The first commercial application of the PIM
process in its present form is attributed to Schwartzwalder (4)
in 1937, who 1njection moulded ceramic spark plug insulators.
This technique was replaced later by isostatic pressing as a
more efficient technique. The ceramic injection moulding (CIM)
industry gained its wide acceptance only within the last two
decades (1-7). The injection moulding of metallic powders was
started in the 1960’s (2) and has not yet been accepted as an
economically and technically viable process due mainly to lack
of detailed scientific and technical (experimental) information
which is also true for the CIM process (1).

The application of the PIM process to alumina powder (which is
the main powder investigated during this research work) has only
recently received some systematic and scientific attention only
in few areas of the CIM process which consists essentially of
the following steps: (i)- tailoring the ceramic powder; (ii)-
developing suitable organic binder formulations; (iii)-
producing a homogeneous ceramic and organic binder mixture;
(iv)- moulding the ceramic-binder mixture; (v)-removing the
organic binders; (vi)- sintering (densifying) the. debonded body
after binder removal. The recent scietific and systematic
approach has resulted in the publications of number of papers on
agglomeration effects, ceramic~binder formulations, compounding
and on ceramic moulding and debinding defects and their remedies

which will be covered .in detail in the detailed literature
review which follows.

The literature review (chapter two) has indicated clearly the
fragmentary pattern of published work of which is lacking in
detail 1in many or all the process steps indicated above,
whatever the particular ceramic system which is considered.
Individual groups of research workers have provided isolated
pockets of information on particular aspects of individual steps
and industrial reviews have described process and products in
qualitative terms. only. Overall it is clear. that few



quantitative relationships have been established between the
processing steps and the properties of fully processed test
pieces or components. One of the development objectives is to
shorten processing times in the binder burn-out stage and to
reduce overall processing times and hence costs.

In view of these general features it was decided to select a
simple oxide ceramic system with available starting materials to
avoid difficulties with controlled atmospheres during
processing. Alumina was selected since there is a base of
incomplete published work. The technlcal/ experimental 1
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information available so far for the injection moulded alumina
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ceramics is incomplete and does not give the exact getails
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necessary for each stage of the CIM process. The informations
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available in the present literature can be summarised as

follows: (i)- some scattered informations are available
concerning the effects of powder characteristics on the rheology
of a typical alumina powder using an ethylene vinyl acetate
(EVA) copolymer as the binder which, as will be seen 1in the
results chapter, was found to be unsuitable as a major binder
for the injection moulding of alumina ceramics due to 1its
crumbling and cracking problems during the debinding stage;
(1i)- different binder systems which have technical and
economical limitations as will be seen in the results chapter
for each re-evaluated binder system; (iii)- few injection
moulding operations which do not give the exact moulding
conditions and almost no information is available about the
moulded densities; (iv)- some general debinding conditions which
do not specify the exact debinding times and do not provide the
exact detail of the debinding cycle; and (v)- some general
sintering conditions which may not be entirely valid for every

injection moulded alumina ceramic and therefore have to be re-
evaluated as is the case for the other properties.

One of the objectives of the present work is therefore to
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prov1de a complete experlmentallpractlcal detail for each step
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of the 1nject10n moulding_of alumina. powder using the ayallable
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binder systems_for which_some_success _have _been.claimed for in
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the literature. These binder systems can be divided into two




groups. One group is based on the usual thermoplastic/wax
binders and the other on water-soluble polymers. The most
popular binder systems in each group are re-investigated and re-
evaluated during the first part of this research work in order
to obtain the exéct/detailed properties such as: (a)? maximum
possible volume loading of the alumina powder into the binder
system; (b)- mixing; (c)- moulding and demoulding ﬁroperties;
(d)- the detailed debinding cycle characteristics; and (e)-
green and sintered densities achievable by each binder systen.
The binder systems investigated were as follows: (1)- ethylene
vinyl acetate copolymer; (2)- polystyrene; (3)- jpolyacetal
copolymer; (45- atactic polypropylene; and (5)- the water-
soluble ﬁethylsellulose (Rivers) binder system.

As will be seen in the results chaptsr (chapter four) all of
these re-evaluated binder systems proved to have serious
shortcomings and some major limitations and therefore did not
appear to be worthy of furthur development. These limitations
can be summarised as follows: low volume loadings of the alumina
powder resulting in low sintered densities, and quite %ong
debinding times particularly for thick sections (> 3 mm) in the

case of thermopiastic-based binder systems; the maximum
%
achlevable volume loading was 64 % of the alumina powder into

the atactic ﬁaiipropylene%?Kﬁﬁ3wblnder systemmwhlch resulted in
a sintered dens:.ty of only 96 % of theoret1ca1 density; the

NE iy e R T,

shortest possible deblndlng times were 78 and 107 h for the 3

and 6 mm thick samples respectively provided by the APP binder
system. The re-evaluated water-based binder system provided a
much longer moulding cycle ‘time (5 min total) and much lower
volume loading (55 % maximuﬁ3 of the alumina powder (resulting
in a lower sintered density of 94 % theoretical) than the re-
evaluated thermoplastic-based binder systems and also there were
adhesion and distortion problems during the demoulding
(ejection) process. However, the re-investigated water-based

il el ¥
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binder system prOV1ded much shorter deblndlng tlméﬁ(ZO h for 5
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mm thlck samples)_ than the thermoplastlc-based binder systems

Mmm =
.

“which is quite typical. The re-evaluated properties for each re-

investigated binder system are quite originl since they are not
available in the present literature.
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However, these re-evaluated properties suggested quite strongly
that there is a need for developing new binder systems which can
provide better properties such as higher volume loadings of the
alumina powder (so that to obtain hlgher 51ntered densities),

W e my
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'reasonable deblndlng and cycle tlmes, better mouldlng and
demoulding propert:l.es than the ex1st1ng/re-eva1uated binder

e ey M

systems. This was another major objective of the present work
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which resulted in the development of two new binder systems
during the second part of this research programme, i.e. the
polyisobutylene-montanester wax-liquid paraffin (PIB-MEW-LP)
binder system which is based on thermoplastic + wax binders and
the water-based polyvinyl alcohol (PVA) binder system, for the
injection moulding of alumina ceramics. The newly developed PIB-
MEW-LP binder system provided a maximum possible volume loading
of 70 % of the alumina powder which resulted in a sintered
density of 98.5 % of theoretical with very similar debinding
times to those of the APP binder system. The newly developed
water-based PVA binder system provided a maximum possible volume
loading of 56 % of the alumina powder resulting in a sintered
d€nsity of 96 % of theoretical with a very short debinding time
of 12 h and without any adhesion and distortion problems with a
moulding cycle of < 1 min. As can be seen these properties are
much better than those provided by the existing/re-evaluated
binder systems.

Sintered and fractured microstructures, flexural (or bend) and
compressive strengths -and thermal conductivities of the
injection moulded (99.5, 95 and 88 %) alumina ceramics obtained
during this work using the best binder systems (PIB-MEW-LP,
60/40 APP and the water-based PVA) are also investigated and
compared with those obtained by other workers (104, 173) for the
injection moulded and compacted alumina ceramics having similar
chemical compositions. The results of these investigations
showed very similar properties to those of the standard
microstructures, flexural and compressive strengths and thermal
conductivities of ‘the compacted alumina ceramics and that the
flexural strength results obtained during this work for the
injection moulded 99.5 % alumina ceramics using the newly
developed binder systems are higher (27-35 %) than that obtained




by another worker (173) for an injection moulded alumina ceramic
having a similar chemical 6omposition.

Bend and compressive strengths of 401 and 4400 MN/m® were
obtained for the injection moulded 99.5 $ alumina ceramics using
the newly developed PIB-MEW-LP binder system. These values are
very similar to those reported in the alumina book (104) and in
the Handbook of Materials Science (see chapter five-Table 5.1)
for the compacted alumina ceramics having similar chemical
compositions. The newly developed water-based PVA binder system
provided bend and compressive strengths of 360 and 4000 MN/m‘
respectively which are quite satisfactory and comparable to the
standard 99.5 % alumina ceramics (see chapter five-Table 5.1).
Thermal conductivities of 23.3 and 20.8 KW/m°C were obtained for
the injection moulded 99.5 % alumina ceramics using the newly
developed PIB-MEW-LP and the water-based PVA binder systenms
respectively. These results are also in good agreement with
those reported by other workers (see chapter five-Table 5.2) for
the compacted 99.5 % alumina ceramics.

The newly developed PIB-MEW-ﬁ and the water-based PVA binder
systems were suff1c1ently" p”romlsing to suggest that it would be
worthwhile to carry out some preliminary evaluation (such as
formulation, mixing, moulding, demoulding, debinding and
sintering) of these binder sysfems for other ceramic and
metallic powders. The results of these investigations suggest
that the newly developed binder systems can also be used
successfully for the injection mouldlng of other powders such as
zirconia, silicon nitride, silicon carbide, hardmetals and iron-

nickel (metallic) powders, although a fuller evaluation of the

systems is required to establish a more complete results such as
sintered and mechanical properties.

As already mentioned the main powder 1nvest1gated during this
research work is a 99 5 % alumina powder with an average
particle size of 1.4 pm and a particle size distribution of 0.1-
10 pm having almost spherical shapes which is a typical
alumina/ceramic powder used for the injection moulding process
(1-2) . This alumina powder along with other powders used during
this work will be described in detail in the material section of




chapter three of this thesis. It is also useful to mention that
there are mainly three grades of alumina ceramics available in
the market and they are as follows: the 88 % aluminas . which are
used for general purpose applications; the 95 % plus aluminas
which also cover the bulk of the market and the 99.5 % plus
alumina grades used widely for particular applications. There
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are many applications__of _alumina. ceramics__which _ can b
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described in detail durlng “the literature..review. Alumina
ceramics have the highest number of .applications among ceramic
materials and are the strongest among oxide ceramics.

The production technique of alumina ceramics depends on the
purity of the alumina powder. Lower grades of alumina (e.gqg.
porcelain) are generally produced by the more conventional
compacting techniques such as slip casting whereas the high
purity alumina ceramics are normally produced by other
compacting techniques such as dry pressing, hydrostatic
moulding, extrusion, injection moulding and hot pressing. The
slip casting process cannot be used for the production of high
purity aluminas due to lack of precompaction (104). Dry pressing
is the most economical compacting process for the production of
high purity.aluminas but can only be applied to small parts with
simple shapes. Parts with larger dimensions and aspect. ratios
more than 4:1 are preferably manufactured by hydrostatic
moulding. Extrusion process is restricted to production of long
rods and tubes.with small diameters but various profiles, as
well as flat ribbons for special applications. The injection
moulding technique is Jjust recently being applied to the
production of small/medium parts with complicated shapes (e.g.
for the textile industry). The hot pressing method is reserved
for relatively small parts for special applications with extreme
requirements and is the most expensive powder compacting process
and therefore economically the least viable technique.

¥

The dry compaction technique at different compaction pressures
(30-200 MN/m°) is used during this. work for the production of
alumina ceramics with simple rectangular shapes and their

sintered densities are compared with the alumina ceramics



obtained during this work by the injection moulding process
(using the best binderlsystems) having similar shapes with the
same chemical compositions as the compacted alumina samples. It
is found that both production techniques provided very similar
sintered densities (and very near to their theoretical
densities). However, it is very well known (1-7) that density
variations are easily introduced during the die compaction
process by stress gradients set up by differences in frictional
forces specially in the case of hard, brittle and non-plastic
powders. This density variation can result in differential
shrinkage during sintering (1) which will ultimately affect the
dimensional accuracy and can also cause internal cracks which
will have a deleterious effect on mechanical properties. It
follows therefore that in order to avoid this problem the
production of parts is limited to simple geometries with low
aspect ratios of ~1.0. Complex shapes are then usually machined
from these simple pre-sintered parts produced by a pressing
operation. Such processes are quite expensive, take considerable
time and energy and also require expensive diamond coated
tooling which leads to a lot of material wastage (often - 30-60
%¥). In contrast, the PIM technique does not have the as-
mentioned problems and can be used quite successfully for the

production of small, medium or large components with very
complex shapes and uniform properties which requires the correct
conditions for each stage of the injection moulding process. It
is part of the objectives of this work to provide such correct
conditions for each stage of the injection moulding of alumina
(and other) powders. The most immediate area for investigation
is the optimisation of the powder-binder composition which
requires a proper powder and a correct binder formulation. This_
leads to optimum properties such as maximum possible volume
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loading of the powder into the blnder system which provides
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maXEum green (as-moulded)_mmsﬂgw%nmgeﬂrgg ~densities. Such
oﬂﬁﬂf:lmised properties are ;;galned for each powder-binder mixture
used during this work. It is believed (1-2) that the most
important and vital stage of the injection moulding process is
the debinding (binder removal) stage which influences to a great
extent the final sintered properties. This stage is investigated

thoroughly using thermogravimetric analysis. Optimised debinding




times and conditions are obtained for each moulded powder-binder
composition having different thicknesses.

This thesis consists of six chapters. The first chapter as
already covered was the introduction to the present research
programme. The second chapter is devoted to the literature
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review covering in detail the related theoretical, technical and
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experimental background of the injection moulding process. This
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chapter ends with the general review of some injection moulded

nitride, carbide, cermet and metallic powders and finally in
more detail it covers the history of the injection moulded
alumina ceramics using different binder —systems, the
characteristics and 1limitations of these binder systens,
sintering, mechanical, thermal and electrical properties and
applications of alumina ceramics. Chapter three of this thesis
covers the materials and equipments used during this work. This
chapter provides the relevant properties for each material and
also the relevant procedure for each equipment used during the
experimental work. Chapter four covers the experimental results
and their interpretatibns. Chaptér five covers the discussion of
the results and compares them with the results already available
from the literature and finally conclusions and suggestions for
future work are covered 1in chapter six of this thesis.
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This chapter 1is devoted to the review of the available
literature concerning the injection moulding of powders. First
section of this chapter gives a summary of the injection
moulding process for ceramic/metallic powders. The second part
covers in detail the 1literature on the properties of the
individual stages of the injection moulding process. The third
part is devoted to the available literature on the injection
moulding of different ceramics, metallics and cermets in
general. The fourth part covers the injection moulding of
alumina ceramics in more detail since it is the major ceramic
powder investigated during this research work. The fifth (last)
part of this chapter gives an introduction to the present work
which describes the 1linkage between this work and the
shortcomings of the literature.
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2.1- Summary of the injection moulding process and its
o applications | |

Cerafnic/metallic injection moulding (C/MIM) consists, basically,

of the foliowing stages (1).

1-Mixing, which involves mixing of a ceramic/metallic powder
(C/MP) with temporary organic additives (i.e. binders) to
form a ceramic/metallic-binder mixture (C/MBM) which flows
under heat and pressure to f£fill the cavity of a closed
mould.

2-Injecting the heated mixture into the mould cavity using an
injection moulding machine to form a precision component.

3-Opening the mould and removing the moulded article (i.e.
demoulding). |

4-Removing the organic binders (i.e. debinding) either by
solvent extraction or by thermal decomposition.

5-Sintering of the debonded body to achieve strength and near
full density.

6-Finishing of the sintered bod} ifﬁnecessary.

A process flow chart illustrating the above | stages 1in more
detalil is shown in Fig. 2.1 which must be followed coﬁpletely
for a successful injection moulding process. As can be seen from

this flow chart powder and binder characterisations are
essential parts of the injection moulding process prior to the
mixing stage. Powder characterisation includes determination of
2 chemical composition, particle size, particle size
distribution, particle shape, specific surface area, tap and

full densities. Binder characterisation includes :
thermophysical properties, burning characteristics (i.e.
thermogravimetric analysis) ,' chemical or corrosive behavibur,
wetting characteristics and rheological properties.
Characterisation of the binder mixture includes : miscibility of
the components, chemical reactions of the components and
thermogravimetric properties of the mixture. After the mixing
process characterisation of the powder-binder mixture and mould
design are necessary so as to obtain the correct flow properties

for the C/MBM. Characterisation of the powder-binder mixture (or
feedstock) includes; rheological analysis and mouldability

11



studies of the feedstock so that to obtain the correct
rheological and moulding properties. The mould_ should be
designed in such a way that: it provides the correct flow (i.e.
plug flow) and to prevent jetting of the feedstock

Weld lines which are the source of weakness and cracks are
formed due to jetting of the feedstock. By choosing the right
moulding conditions (i.e. moulding and mould temperatures,
injection and hold pressures) the feedstock can then be
injection moulded. After removal from the mould the moulded
parts must be inspected visually, optically and by non-
destructive testing methods for defects such as cracks, pores
and bubbles. The cause of defects, if any, must be found and
eliminated prior to the debinding (binder removal) process. It
is also necessary to know the burning characteristics of each
binder used in order to programme the correct debinding cycle.
After debinding the debonded parts must be inspected for
defects. Inspection of the debonded parts includes: visual
inspection for visible debinding defects such as macro-cracks,
blistering and swelling. For the inspection of the micro-cracks
and bubbles x-ray tests are carried out. Dimensional,
geometrical and chemical stability should also be checked. The
debinding defects should be eliminated by choosing the correct
debinding conditions which must be programmed according to the
thermogravimetric analysis (TGA) results. The debinding process
is commonly carried out either by solvent extraction or by
thermal treatment to break down and vaporise the binders.
Binders are usually designed to come off sequentially so as not
to disturb the geometry of the part, leaving just enough binder
to hold the ceramic/metallic shape together. Finally the
debonded parts are sintered to achieve strength and near full
density. After sintering the sintered parts should be inspected
for dimensions, density, porosity, cracks, pores and surface
finish (3). Any sintering defects and short comings must be
eliminated by choosing the right sintering conditions. Finishing
(e.g. machinning) of the sintered part, if necessary, may then
be carried out. The very fine powder particles provide a very
strong thermodynamic driving force and parts undergo shrinkage

12



during sintering which must be considered during the mould
design stage . Reproducibility - of
the sintered parts is achieved through close control over the
feedstock and moulding variables (2). The metal injection
moulded parts, once sintered, can then be given supplementary
treatments exactly 1like wrought products, including heat
treatment, plating or machining (2).

Applications of the powder injection moulding process

Injection moulding of powders (ceramic, metallic and cermets)
has been a useful technique for producing components with
complex shapes, high dimensional accuracy, high strength and
uniformity, low scrap rates and reasonable cost (1). Injection
moulding also offers an automated process at high rates. It has
been known (2) that almost any metal or ceramic which can be

obtained .as fine particles and which can be sintered can be
injection moulded.:

However, ceramic injection moulding in its present form was
first used for the fabrication of spark plug insulators in 1937
(4), which was replaced later by isostatic pressing as a more
effective and more efficient forming method. Since the 1930's
there has been a continuous record of the developments and

applications of 1injection moulded ceramic materials in the
literature. From the available literature and many small and
large industries it is quite clear that the injection moulding
technique is the most suitable manufacturing technique for the
production of complex structural ceramic/metallic shapes at high
production rates and that this technique has replaced the
expensive high pressure techniques and machining processes (1).
The main_ application fields of ceramic injection moulding has
been as_follows: 1-In the electrical and electronic industries
as a whole and particularly in the telecommunications industry,
there is a wide variety of applications for ceramic parts of
complex shape, high dimensional accuracy and specialised
compositions (5). Among these ceramics aluminium oxide (or

alumina) ceramics have been used more widely than any other
ceramic material.
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2-As aerospace refractory and structural components (6).

3-In medical and dental industries, e.g. partially stabilised
zirconia (PSZ) and alumina are produced as dental brackets by
the injection moulding process.

4-For applications in gas turbine, diesel engines,
turbochargers, heat exchangers, etc. where corrosion, oxidation,
creep/stress rupture and thermal fatigue affect the integrity of
the component. Examples are injection moulded silicon nitride
and silicon carbide engine parts (7).

5-In non-chip-forming applications, such as in stamping and
forming as shearing, bending and deep-drawing tools and in
reducing and extrusion dies. The main material for these
applications is the tungsten carbide-(6-10) weight % cobalt
(also known as hardmetal or cemented carbide) which is a cermet.

This material is also used widely as a cutting tool.
For the metallic materials the main applications of the

injection moulding process are : 1l-Nickel-Iron in guns and
armaments, office equipment, light machine tools, drill blank

bits, computer peripherals, magnetic érmatures, fasteners, etc.
(8) . f ,

2-Stainless steels 1in medical and dental instrumentations,
orthodontic devices, valve components, chemical machinery;
electronic armatures, food and beverage machines, etc. (8).
3-Kovar and tungsten-copper in hermetic packages, heat sinks and
flanges, eyelets and headers, power packages, microwave
packages, etc. (8). | |
4-Specialty alloys, e.g. stellite for high temperature parts,
Si-Fe for magnetic armatures, Hastelloy for high temperature and
corrosion, low-alloy steels, etc. (8).

It has been reported that injection moulding can also be used to
form ceramic/metallic matrix composites with particulates, fibre
or whisker reinforcements (9-11). With these materials one of
the main difficulties is homogeneous mixing of different
constituents without changing their properties. In this area the
development seems to be in its infancy (12).
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2.2~ Injection moulding of powders * - - T
This section covers in detail the available literature on the
individual stages of the injection moulding process as described
in the previous section .(section 2.1).

2.2.1- Powder properties

This includes: -average particle size, . particle size
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distribution, partlcle shape, speca.f:.c surface area, surface
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chemlstry, dlspers;on, wettablllty and surface tension forces.
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For a successful powder :Lnjection mouldlng process these
parametric variables  should be characterised, examined and
related in a systematic manner (13). For an - ideal powder
injection moulding - the powder property requirements can. be
summarised as follows. (14):

First powders have to be tailored for maximum packing so as to
achieve high green densities and to minimise the binder content
without seriously affecting basic rheology requirements (15).
The packing density of multiparticle systems can be increased
when the particle size distribution is extended (16). The mean
particle size must be between 0.1 and 30 microns. A particle
size < 10 um.would lead to 'a greater degree of homogeneity
within a filled powder system as opposed to a coarse particle
system (15), and because the rate of diffusion during sintering
is inversely proportional to the square of particle size,
therefore shrinkage and densification of a porous body will
proceed more rapidly with finer powders and also the pores will
be removed more effectively (15). Within such a particle system
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the remaining void volume must be _more than sufflclently filled
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by the binder 1ngred1ents in order that flow is possible under
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J.njectlon moulding conditions (17). The particler's shape should
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be equlaxed to spherical ‘so as ‘to obtain maximum. . prefired
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densities (18) TParticle size effects for some properties depend
on the diameter of the particle directly and for others on the
reciprocal of the particle diameter (14). For example, the
ability of the material to replicate the detail of the mould, to
achieve good surface finish and to retain shape in the green
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compact during subsequent processes like debinding and sintering
are all proportional to the réciprocal of the diameter. On the
other hand, the rate of debinding, mixing rate and the packing
density are .all related directly to the diameter (14). It
follows thereforé that some compromise is required.

There are some other desirable and important properties of the
powder which can be summarised as follows (14). There should be
no agglomeration of powder particles before and during mixing
because the presence of agglomerates can have damaging effects
on sintering kinetics and final density (19) and are also
capable of introducing strength limiting flaws. The surface of
the powder particles should be clean and the powder particles
themselves should be discrete and fully dense. Finally there
should be sufficient interparticle friction that the dry powder
exhibits an  angle of repose of . 45° or otherwise shape
retention, in. particular, becomes a problem. Besides shape,
interparticle.friction also affects mixing which later affects
the green strength (14).

Considering the above summary of powder property requirements
for an ideal powder injection moulding process it is now more
feasible to describe each parameter individually. The parameters
to be described are as follows: the effect of agglomerates, the
effect of particle size distribution, the effect of particle

size and shape, the effect of powder properties on viscosity and
also some shrinkage effects.

Effect of agglomerates

In order to increase the driving force and the kinetics for
sintering, the use of fine powders in the sub-micron size range
has been recommended for the fabrication of components (20).
Such powders, however, have a tendency to agglomerate under the
influence of strong forces (21). Notably, London dispersion
forces (22) provide a universal force of attraction between
matter. The adsorbed water layers characteristic of high surface
energy solids exposed to ambient humidities have an ice-like
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structure and are capable of strong hydrogen bonding (23). If
adsorbed multi-molecular layers are present these may adopt the
properties of liquid water and provide liquid bridges (21).
Hydrostatic tension in the liquid lens between particles arising
from the high curvature provides a force tending to hold
particles together. Drying of powder which has encountered
impurities or additives in ‘solution may produce’ solid bridge
agglomeration. Similarly, particles which are partially water-
soluble ‘'such as those bearing silica film may become cemented
after contact with water in ambient humidities (20).
As suggested by Lange (19) the presence of agglomerates may have
/ a damaging effect on sintering kinetics and "final density.
Agglomerates are also capable of introducing strength limiting
flaws (24-26). Under conditions where agglomerates sinter more

rapidly than the surrounding matrix, circumferential cracks are

diameter. At high temperatures, where the matrix shrinkage rate

}\ produced with dimensions comparable to the original agglomerate
f is greater, hoop stresses are set up around the agglomerate

"

producing radial cracks.

L]

f
:f / For these reasons, where powders are assembled by pressing
operations, the compaction of agglomerates attracts serious

attention. Stress transmission in pressing (27) and compaction
of agglomerates have recently recieved more attention (28) and

prefired densities are substantially reduced by the presence of
\ agglomerates even at higher pressures (29).

|
1
|

-, It has been suggested that the uniformi;j_;y___hp_ijh powder packing
t / influences sintering kinetics (19). {ﬁééfired dgﬁgity on the
other hand, being an average quantity, Hc‘:oncealé"‘ wide variations
] in local density and gives less guidance on achievable sintered
| density. It is argued that since pores surrounded by a large
3% number of grains can be thermodynamically stable, aggregation of
| particles in the prefired state will not allow full density to

|

& .* . |
‘“\be achieved (19). Thus {ange makes/\ comment that Alcoa Alé6 )

)

alumina would reach full denhsity at temperatures below 1000°C if
the prefired particle arrangement were ideal.

1 For these reasons viable technologies for the creation of shape
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and form from assemblies of fine particles must be capable of
dispersing agglomerated powders. Aqueous slip casting techniques
are generally able to disperse non-solid bridge agglomerates and
dispersion in non-aqueous low viscosity liquids is influenced by
the hydrogen bonding capability of the liquid (30) or by the use
of surfactants. |

In the injection moulding of fine powders two approaches for
dispersion are possible i(20): the use of surfactants and
coupling agents (31) and the use of mechanical action (20) . The
coupling agents are added as pre-treatments to the powder or
directly to the ceramic-polymer melt so that to modify the
interfacial interactions and then to break down the
agglomerates. surfactants can  improve the wetting
characteristics between binder and ceramic/metallic powder
during mixing and coupling agents increase the flexural strength
and lower the viscosity so that significant reductions in energy
needed for processing are made possible. Examples of surfactants
and/or coupling agents are: stearic acid, silane and organic
titanate which are typically added in the range 0.2-2 % by
weight based on the filler (1).

Edirisinghe and Evans (20) found that the agglomerates in as-
recieved fine ceramic powders persist in die pressed bodies and
may produce defects which appear 1in the fired ceramic. They
reported that viable processes for assembling fine particles
into complex shapes must be capable of dispersing agglomerates.
In their work on compounding ceramic powders prior to injection
moulding they found that low shear mixers such as the z-blade
type, do not disperse the powder effectively and some
agglomerates persist. They also found that high shear mixers
such as the twin roll mill (developed in Brunel University for
mixing of ceramic-polymer blends) and twin screw extruder are
effective in dispersing soft agglomerates in alumina powder. The
latter device provided rapid continuous mixing and, if connected
to a granulator, provides extrudate in a ready state for
injection moulding. However, the extruder was not able to
f disperse artificial solid-bridge hard agglomerates completely.
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Effect of particle size distribution * * e

The green density -of an injection moulded compact is a function
of the volume percent binder and can be expressed as follows
(32): D, = V, / V; X SG, ——— (1)

where D, = green density (g/cm’®), V, = volume of powder (cc), V,
=.volume of powder + binder (cc), SG, = specific gravity of
powder (g/cnm’).

According to Mangels et al (32) the major problem arises in
obtaining a batch composition which will not only yield a
sufficiently high density but also have a viscosity which-is low
enough to be processed by injection moulding. Mooney (33) showed
that.the relative viscosity, I, of a monomodal distribution of
solids in an organic binder system can be expressed in terms of
the volume fractions of solids V (where V =V,  / V;) as follows:
L = exp (2.5V / 1-KV) ——— (2)

where K is an exponentia1~constant which will vary _between 1.9
and 1.0 gependlng on the volume fractlon of SOlldS (K = 1.0
where V = 100 % solids) Fig. 2.2 shows that comp051t10n5'with
Vo [ Vv, < 0. 5 the relative viscosity of the system (L =1L/ I,

where I = viscosity of the suspension and I = viscosity of the

fluid) is only increased by about one order of magnitude by the
addition of the solids to the binder. For values of Vo [-Vy >

0.6, the relative viscosity increases asymtotically (approaching
infinity at v = 0.74).

The problem of increasing .the solids concentration of a
suspension without increasing its viscosity has been treated by

Farris (16). He first showed that the viscosity of highly
e e

concentrated. suspension could be altered by blending solids of
different particle sizes. Increasing the difference in mean
ety
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particle size between coarse and fine fractlons increased the
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amount of solids that could be “incorporated in the _system. Fig.
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2.3 shows that the volume fractlons of -solids can be increased
by - 17 ¥ in a mix containing 75 % coarse and 25 % fines by
progressively decreasing the size ratio, without causing any

change in the viscosity of the suspension. Farris also showed

that..the—-viscosity could be furthur Optlmlsedhfyﬂ;arylng the
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blend ratio (percent-coarse_ / percent fine). This is shown in
Fig. 2.4 for the case of a bimodal particle distribution. These
results are similar to the curves obtained for the packing
density of bimodally distributed spheres; where the maximum
packing density.is achieved at a ratio of . 70 % coarse / 30 %

fines (34). Flnally he_showed that the ultimate system would be
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composed of an_ 1nf1n1te-moda1 partlcle dlstylbutlon, w1ph size

ratios and blend ratios. belng optlmlsed. Fig. 2.5 shows the
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calculated relatlve v1scos:.ty for a ‘number of theoretical
particle distribution curves. The general equation describing
the relative viscosity is of the form: I = (1-V)™* —— (3)

where K is.a constant which varies accordlng to_the.particle
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size distribution. In practlce, K ranges from 21 for monomodal,
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to 3 for infinite-modal distributions. Farris therefore pointed
out that, in practice, a very broad particle dlstrlbutlon should
result in a minimum viscosity systemn. -

Similar requirements have been noted by Adamé. (35) for slip cast
ceramics where he stated that maximum green densities would be
obtained when distributions are as broad as possible without an
excessive concentration of particles in any narrow particle size
range. Both of these samples require optimising the particle
packing efficiency of the powders in order to reach a maximum
solids content, minimum viscosity system.

Sweeny and Geckler (36) also stated that the viscosity of a
system can be decreased as the bulk (or packing) density of the
powders are increased. They also mentioned that absolute
particle size 1is critical; finer particle sizes result in
increased viscosities due to the incfeased,surface area of the
powders. |

Brodnyan (37) extended Mooney's equatién, shown as equation (2),
to ellipsoidal particles as follows: .

I, = exp [2.5V + 0.399 (p-1)"*® V] / 1-KV ———— (4)
where p 1s the axial ratio. This equation was found to fit
experimental data up to V = 0.55. This was extended on an

empirical basis by Kitano et al (38) to give a relationship for
acicular particles as follows:
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L, '="1"- v/0.54-0.0125p ————— (5)
Krieger and Dougherty (39) derived an equation by a
modification of Mooney’'s analysis as follows:

I = (1 - KV)™®° —— (6) and this has found experimental
justification (40).

The work of Chong et al '(411‘) has shown good fJ.t between
experlmental results and an equation of the type:

= [1 + O, 75V/V / 1- (V/vm)]2 ———— (7) for V/V__ close

max

to unlty, where V__ is the maximum space f1111ng eff1c1ency for

max
uniform sized spheres (— 0.74 maximum). |

Equatlons (1)-(7) are valid for particles of uniform diameter
and near spherical shape and it is pertinent to note that modern
developments in ceramic powders are yielding materials which
closely meet those conditions (1, 42, 43). In fact the
requirement for uniform shrinkage without discontinuous grain
growth during sintering imposes the requirement of near uniform

particle size, for which, given sphericity: V.. ~0.74. The
disadvantages of this approach 1s the low green density and
consequent high s1nter1ng shrlnkage compared to the more
traditional approach of achieving high green density by blending
of different particle sizes.

Clearly if a range of particle sizes is present the K value in
Mooney's equation [equation (2)] changes. Unfortunately fit with
experlment has usually been obtained by choosing rather than
deriving a suitable value of K (1) . Theories on the viscosity of
polydisperse systems have been de:veloped by Lee (44) and ‘by
Farris (16). Chong (41) has also developed his own equation to
consider more compiex particle size distributions. In general,
| the incorporation of more than one particle size leads to a
decrease in viscosity for the same volume fraction of powder but

it is generally 1nsuff1cient to replace K with a new, higher
packing efflciency (1).

There are cases in the fabrication of ceramics where a wide
distribution of particle sizes can be accommodated without
consequent graln_growth during sintering (1). One such case is
the fabrication of reaction-bonded silicon nitride where vapour
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phase reactions refine-the grain size during nitriding (45) and
Mangels: (46) has made use of the reduced viscosity of wide size
distribution powders to produce injection moulding blends of
high powder ‘loading (73.5 volume %).

Effect of -particle-size and shape ,

It was found by Matsumoto and Sherman (47) that the K value
(also referred to as the crowding factor) in Mooney's equation
(L, = exp (2.5V / 1=KV -, where K=1/V__ and V__ 1s the volume
fraction for maximum packing) is very sensitive to mean particle
size.- It is considered that spheres in a cublc close-packed
lattice (V -~ = 0.74) exhibit infinite 'viscosity because of
mechanical interlocking. Simple cubic packing (V_, = %/6) is
taken. to provide the -.greatest density which would permit
continuous movement. Thus the lower and upper limits of K are:
1.3 < K< 1.91.

In. contrast to the findings of Matsumoto and Sherman (47),
Barsted et al (48) found only a small variation in K over a
broader particle size range than that employed by Matsumoto and
Sherman. Thus the value of K does not vary systematically with
particle size. This is not surprising as equations (1)-(7) do
not allow for -an effect of overall particle size on viscosity
(1). Yet this effect has been noticed. It was: found that
viscosity sometimes increased as particle diameter decreased and
this has been attributed to an adsorbed immobile.layer on fine
particles which effectively increases particle diameter (36) and
hence total filler -loading. R

Willermet et al (49) report a halving of spiral flow length
during moulding, caused by a decrease in mean particle diameter
from 28 to 10 um. There does not appear to be a  sound
explanation for this and also the respective particle size
| distribution were not given (1). However, the: spiral-‘flow
| testing was used as a testing method to assess the injection
mouldability of their powder-binder mixture. It is generally
accepted that the greater the spiral flow distance, the better
the injection mouldability of a material. -
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Considering the combined effects of ‘particle size and shape on
viscosity it 1is known (1) “that non-spherical morphology may
influence both the packing:efficiency of the powder (i.e. V_ )
and the effective radius of rotating particles in shear. The

effect of particle shape on V

., 18 shown in a ' study of vibratory

compaction of spheres and angular particles (50). For spherical

particles the packlng efficiency was not 1nfluenced by partlcle
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| decreased with decrea51ng partlcle dlameter. This may help to
explain the results of Willermet ( 49) An apparent contradiction
to this effect was noted by Mutsuddy (13) who found that a
higher proportion of angular alumina particles than spherical
zirconia particles could be accommodated in injection moulding
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Shrinkage considerations = °

From the previous discussions it is quite clear that the powder
characteristics have a strong influence on the green density and
handling ‘strength of the body after binder removal and also on
the viscosity of the moulding mixture (1). It is therefore very
important to achieve a high green density for a given powder so
that to lower -the error in firing shrinkage as the overall
shrinkage decreases (5). Also failure to achieve a near-maximum
powder volume fraction in a binder may result 'in the body
slumping or distorting during removal of the organic binder (1).
It is perhaps more important to achieve a uniform powder packing
throughout the moulded body. Non-uniform mixing of the powder
and binder will result in non-uniform shrinkage during sintering
which may result in a type of distortion that cannot be
corrected by subsequent machining (1).

There are several contributions to shrinkage in the injection
moulding process which must be taken into account in die design.
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In the first' place there 'is a shrinkage of the moulded body by
thermal contraction during cooling in the cavity. If the binder
(polymer)  °‘is = partially crystalline there 1is a shrinkage
associated ‘with solidification. Secondly, when the binder is
removed there is a furthur slight shrinkage associated with the
drawing together of particles by capillary action. In a moulding
composition there must be excess binder to prevent the powder
particles contacting or the composition would be too viscous to
enter the mould. Finally the largest shrinkage contribution is
caused by pore removal during sintering (1).

In practice, using conventional metrology equipment the moulding
‘'shrinkage (S ) can be calculated’from the dimensions of the of
the moulded body (L ) and the mould itself (L,): |

i.e., using' s, =, -L '/ L, ———(8) - . "
The small shrinkage due to binder removal involves accurate
measurements on an extremely  fragile body and 1is normally
included in the sintering shrinkage (S,):

S;’=L~L /L —— (9)

where L. is the dimensions of the as-sintered body (1). Thus the
final dimensions are related to the die dimensions by:

S, =1-1L/L(1-5,) — (10)

If the final relative density D, is known the volume fraction V
of powder in the moulded body can be related to the sintering
shrinkage S, by:

1~-V/D, =3S -35°%+ 83 ——— (11)

The common approximation 1 - V/D, = 35S, should be avoided as it
introduces a large error, e.'g. 17 % for a linear shrinkage of 15
¥. Equation (11) assumes that shrinkage is uniform in all
directions and that there are no volume dilations associated

with phase changes during sintering (1).
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Effect of powder volume loading

The volume loading of powder in the organic suspension should be

as high as possible (1) for the following reasons.

1- To reduce shrinkage and slumping during binder removal.

2= To improve handling by increasing the mechanical strength .
- after binder removal.

3- To reduce shrinkage and distortion during sintering.

4- To provide high as-moulded and sintered densities.

However, a high volume loading of powder increases the viscosity:
of - the powder-binder mixture -and this makes processing more
difficult (1). It . is therefore important that the volume loading
of powder should be fixed at a level at which the mixture has
acceptable flow properties, i.e. the -optimised powder-binder
composition should -show pseudoplasticity - throughout the
extrusion/moulding process - (see section 2.2.4 and Fig. 2.10),
have a fluidity greater than 10° (N/mé)! s! and a:-low temperature
dependency of viscosity. This last property helps to produce
high-integrity mouldings by allowing the post-injection hold
pressure to pack the mouldings more efficiently during
solidification (51).



2.2.2- Types ' and selection of organic binders

Criteria for the addition of the organic binders
Ceramic/metallic powders are nonplastic and do not flow
sufficiently under heat and pressure- and are therefore
impossible to form into any shape without the use of a binder.
Organic binders are therefore added as temporary bonding media
to provide the correct rheological properties (1), i.e. the
correct plasticity, green and wet strength, viscosity,
cohesiveness, lubricity (for die and interparticle friction),
etc.,-for the injection moulding of the ceramic/metallic-binder
mixtures. "After injection moulding they should be removed
successfully without leaving any defects in the debonded-part.

Selection criteria, types and properties of the organic binders
Organic binder -systems used for the injection moulding of
ceramic/metallic powders -are mostly composed of two or more
components ‘(1). The components used can be classified into one
of four categories (1) as follows.

(i)- Major binder: component; this component should have the
following properties: (a)- provide sufficient fluidity upon the
powder for defect-free filling of the cavity; (b)- wetting of
the solid'powder particles so that to help dispersion and remove
entrapped gas; (c)- stability under mixing: and moulding
conditions; (d)- provide enough strength to the body during and
after binder removal; (e)- leave as little residue as possible
in the product after removal; and (f)- be readily available at
acceptable cost.

Examples of such major binders are: thermoplastic polymers (e.q.
polyolefins such-as polyethylene,: polypropylene or polybutene;
polystyrene; atactic polypropylene; styrene-butadiene and
polyacetal copolymers; etc.), thermosetting polymers (e.g. epoxy
resin; phenylformaldehyde resin; phenolfurfural
phenolformaldehyde resin; etc.) and other organic binders (e.gq.

water-soluble polymers such as methylcellulose and polyvinyl
alcohol; etc.).

(1i) - Minor binder component; this is usually a thermoplastic,
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wax or oil which is removed early in the binder removal cycle
and ‘therefore generates ‘pore channels within the body allowing
easier removal of the other components.

(iii)- Plasticisers; these are also considered as minor
additives and should have the following ‘properties: (a)-
increase the fluidity of the ceramic/metallic-binder mixture;
(b) - should be compatible with the binders, i.e. they should not
react but -form an intimate mixture with the binders increasing
the free volume of the polymer and  thereby lowering the
viscosity; 'and (c¢)- they should have a high boiling point and
low volatility so that they are retained during processing and
therefore will provide the necessary consistency for the
ceramic/metallic powder volume loading. “
Some examples of plasticisers are: diethyl, dibutyl, dioctyl and
diallyl phthalates, light oil, beeswax, naphthanic or paraffinic
oils or waxes, butyl stearate, metal stearates (such as calciun,
magnesium, zinc and aluminium stearates), liquid paraffin, etc.
(iv) - Processing aids; these minor additives are used mainly as
surfactants to improve the wetting characteristics between
binder ' and ceramic/metallic powder during mixing and ideally
they should perform the following functions: (a)=- modify
adhesive forces between binder and powder, thus dispersing the
organic ~ components throughout the mix ' and enhancing
deagglomeration of the powder particles; “(b)- reducing the
viscosity of the melt; and (c)- allowing easy mould release. °
Some examples of processing aids are: stearic’acid, polyethylene
wax, mixtures' of natural waxes and wax derivatives, different
types of vegetable fat, partially ‘oxidised polyethylene,
paraffinic and ester wax, hydrogenated peanut oil (which acts as
the diluent and 1lubricant and therefore reduces viscosity
significantly), methyl acetylricinoleate, etc.
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2.2.3-'Mixing processes
Properties of ceramic/metallic-binder mixtures )
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It is very--important to ' have ‘a "uniform mixture of the
ceramic/metallic (C/M) powder with the organic binder because
failure to disperse the powder in the binder uniformly may
result in non-uniform " shrinkage at a microscopic or even
macroscopic scale during sintering (51). A non-uniform shrinkage
during-sintering may result in a type of distortion that cannot
be' corrected by subsequent machining (1). A non-uniform powder-
binder mixture will "also cause internal and surface moulding
defects such as macro/micro voids and sink marks which cannot be
removed by sintering/machining and therefore will remain as part
of the final product causing microstructural and "mechanical
damage.

The C/M injection moulding blends usually consists of a C/M
powder mixture in a multicomponent binder matrix (1) as
described previously. In most cases incomplete solubility can be
expected to take place and the degree of dispersion of one
binder phase in the other will influence the properties of the
blend, in particular its decomposition kinetics (51). It follows
therefore that the mixing of C/M injection moulding blends
involves the dispersion of powder particles and a minor polymer
binder in a continuous matrix of the major polymer binder.
Mixing is defined as a process that reduces compositional non-
uniformity and in viscous polymeric fluids -the influence of
molecular and eddy diffusion is generally negligible for useful
time scales, leaving forced convective flow as the main mixing
process (52). If convection causes the movement of fluid or
solid particles from one spatial location to another such that
the interfacial area between liquid particles and the matrix
increases, or that solid particles are distributed throughout
the matrix, then distributive mixing is said to have occurred
(52).

Distributive mixing is influenced by the strain imposed on the
mixture. However, - in the case of viscoelastic polymers and
agglomerated ‘fine particles which show yield point
characteristics, the application of strain is necessary, but
insufficient, to achieve mixing. The strain rate and hence shear
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stress imposed on the material determine the extent of mixing
and this is known as dispersive mixing (52).

The importance of 'dispersive mixing in ceramic systems 1is
illustrated by the recent work of Lange (53) on uniformity of
prefired density in ceramics. If agglomerates start at a
different prefired density from the ‘dispersed particles in a
ceramic body then very high stresses are set up during firing
(54) and these can produce circumferential or radial cracks in
the region of agglomerates depending on whether the agglomerates
shrink . faster "or slower than the matrix respectively (26).
Furthurmore -failure to disperse agglomerates may influence the
sintering. kinetics and reduce the fired density by 1leaving
thermodynamically stable‘pores with a large grain co-ordination
number (19). - T T

The characteristic volume (or~- scale of segregation) 1s -an
important parameter in defining mixture quality. It may be
defined (55) as the amount' of material at every 1location
throughout the mixture within which the position of individual
particles is unimportant. Its size depends on the properties
demanded of the mixture. For example the characteristic volume
of an engineering ceramic injection moulding composition could
be calculated from the dimensions of the flaw size defined by
Griffith's equation for a desired mechanical strength. This would
mean that ' compositional uniformity would be expected among
random samples of typically 1000 mm’ volume. Since such samples
are well below the limits of practical analysis resort to
microscopical methods - (56) 'is necessary in defining mixture
quality. Since flaws produced by firing agglomerated powders are
typically of the same dimensions as the starting agglomerates
(53) the characteristic volume will be smaller than the volume
of agglomerates often found in ceramic powders. The break down
of agglomerates in shear flow is described quantitatively by
Tadmor and Gogos (52).

There is increasing interest in ultrafine monosized spherical
powders "which can be packed into' ordered arrays for ceramic
fabrication (57). In this case the characteristic volume would
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be of particle dimensions. The. best that can be expected from
injection moulding of such particles is a uniform random packing
throughout the mouldings (51).

Effect of mixing conditions on tolerance capability

It was found by Billiet (58) during a statistical process
control of the production of a ceramic part for a computer
application that final product's dimensions were gradually
becoming smaller, while the standard deviation, initially
stable, went haywire. Sequentially, the sintering, dewaxing and
moulding steps were suspected and thoroughly checked out, only
to discover that everything was under control. Reluctantly, the
investigation was extended into the moulding feedstock
preparation area, believed to be beyond suspicion. The result
was dramatic and immediate. The standard deviation stabilised
and reduced in magnitude resulting in a consistent and record
0.0007 process tolerance capability. It was also noticed that
the part had now slightly grown in size, as compared to the
' average size before the onset of the problem. The latter was
eventually traced to adulteration of the feedstock formulation
by human error, and prompted the determination of the maximum
mixing error |ed¢|=3T/2(1-¢)—(12) where T is the targeted
process tolerance capability (which can be set arbitarily) and
¢ is the volumetric loading =

Vyg/V4+V, with V, being the volume occupied by the powder and V,
the volume occupied by the organic binder. The author (58)
therefore showed the need for extreme care in weight

determination and handling at the moulding feedstock
preparation.

Time dependency of mixing

It was reported by Billiet (58) that time-dependent, three
dimensional, non-linear flows, such as the mixing of filled
organic fluids to produce moulding feedstocks for C/M injection
moulding, most necessarily involve efficient, stretching-and-
folding mechanisms essential for good homogenisation. Such flow
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systém, where i:etjions of outflow (the so-called hyperbolic
points) are able to display chaotic behaviour. |
Billiet again used an actual process tolerance capability as an
indicator of mixing efficiency and prepared several batches of
moulding feedstock mixed for variable durations of time, then
moulded into test parfs which were sintered in order to
determine the actual process tolerance as a function of mixing
time. He obtained the results shown in Fig. 2.6, where o is the
standard deviation and L is the final sintered dimension in
3X10%°0 /L equation. As expected, insufficient mixing time
negatively affected the process tolerance capability. There is
an optimum mixing time, for which this capability is greatest,
i.e. the tolerance which can be held confidently reaches the
lowest value. Extending mixing time beyond this time period
produces a negative effect on tolerance capability. It was
therefore pbstulated that two time regions: a chaotic net
randomising area where increased mixing time has the effect of
homogenising the mixture, and a chaotic symmetrical region where
period doubling occurs and the mixture shows areas of
inhomogeneity. |
These effects clearly'depénd,on‘mouldiﬁg feedstock formulation,
the design of the mixing equipment and the operational
conditions. It is believed (58) that chaotic mixing is the only
way to effectively mix particulates in a fluid matrix. Its study

offers plenty of room for both basic research and technological
exploitation (58). |
Mixing techniques )

A range of double-blade batch mixers such és the *Z2* or ‘Sigma’
blade mixers are used extensively for the mixing of C/M powder-
binder blends (51). The Z or Sigma-bléde mixers are usually
heated by 0il to a temperature < 250°C. Early experts on ceramic
injection moulding such as Schwartzwalder (4) and Tayior (59)
favoured such mixers and some recent research has also relied on
these types (60). The limitations of the double-blade mixers are
the tendency for filled polymers which show yield point
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behaviour to reside in dead spaces in the mixer and there is
insufficient dispersive mixing to break down ceramic powder
agglomerates (20). o

Banbury-type mixers provide higher intensity batch mixing and
are used on high-viscosity fluids for pigment and filler
dispersion (51). They consist of a figure of eight section
mixing chamber containing two-counter rotating 1lobed rotors.
Quackenbush et al (61) employed a torgque rheometer of similar
design to prepare ceramic moulding compositions.

The Brabender torque rheometer} either the Plastograph or the
plasti-corder types, are also used extensively for the batch
mixing of ¢/M powder-binder blends (62). It consists of a mixing
head/chamber which is heated electrically having two counter
rotating roller blades with different speeds for better mixing.
The blades are removable which makes cleaning much easier. The
Brabender ' torque rheometer -‘Plastograph and Plasti-corder
function according to a practice related dynamic measuring
method. The measuring principle is based on the fact that the
resistance, which the test material puts up against rotating
blades, rotors, screws, etc. in the measuring mixer is made
visible. The corresponding torque moves a dynamometer from its
zero-position. In accordance with established test conditions a
typical plastogram is traced (i.e. torque versus mixing time)
for every type of material as shown in Fig. 2.7. At the same
time, a stock temperature diagram is recorded. Thus, a direct
relation between viscosity and temperature is produced. The
torque is measured in Newton-meter (Nm), formerly meterpound
(mp) or metergram ‘(mg). The apparent viscosity of the test
material can be determined as in rheological measurements. With
this device it is possible to create test conditions similar to
the processing conditions of mixers, moulds, calenders,
extruders and injection moulding machines. It is also possible
to determine the influence of stabilisers, plasticisers,
lubricants, higher volume lbading of powders, catalysts and
pigments in the compound (62). |

The two-roll mill is also a nixer ideally suited to the

32



processing of high-viscosity materials. It consists of two-
counter rotating differential speed rolls with an adjustable nip
and imposes intense shear stresses on the material as it passes
the nip. There is little transverse mixing and thus constant
operator attention is needed to displace the strip transversely.
This process can be partially automated for polymers. A two-roll
mill was used by Birchall et al (63) to produce very high solids
content mouldable cement pastes.

TwO typ'es of extruder are also used for mixing (51): single- and
twin-screw extruders. Single-screw devices with a helical screw
rotating inside a heated barrel are not efficient mixing devices
(64) and are sometimes enhanced by the incorporation of mixing
discs, torpedoes or ©planetary gears 1into the screw
configuration. The total strain imparted to an element of
material is strongly dependent on its position and therefore
mixing tends to be non-uniform across the screw channel. Unlike
the more complex extruders the helical flow behaviour in single-
screw machines is well charaterised and machines are well
documented in textbooks (51).

Flow in single-screw extruders relies on the adhesion of the
material to the barrel wall and it was to overcome this
limitation that twin-screw extruders evolved (65). There are
four types depending on whether the screws co-rotate or counter-
rotate and whether the screws intermesh or not. The first device
was an 1intermeshing co-rotating extruder invented in 1939 and
patented in 1949 (66). Considerable variation in screw design is
possible to balance pumping and mixing characteristics (67).
Intermeshing extruders provide positive displacement pumping
unlike single-screw machines and the output per unit time is
given by the difference between the theoretical flow rate and
the sum of the leakage as follows:

Q=0,-9Q=2mNV - (Q +Q +Q, + Q) where m is the number
of thread starts per screw, V 1is the volume of the C-shaped
channel between the flanks of successive flights and N is the
rotation rate. Q, is the leakage between screw flight and barrel
wall, Q. is the leakage between the screw flight and the other
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scﬁxiew';”Q: is the 1eaic5ge between the flanks of screw flighto and
Q. is the leakage between flanks perpendicular to the plane
through the screw axis (65). The leakage paths have a strong
influence on residence time in the extruder. Flow
characteristics of such extruders have not been well defined and
machine development has been largely empirical. As with single-
screw devices mixing discs and kneading discs can be
incorporated into the screw configuration (51). |
Twin-screw extrusion has been used for the preparation of
particle-filled ©polymers (68) for reinforcement, flame
retardancy, fabrication of prosthetic materials or incorporation
of magnetic or dielectric solids (69). The polymer degfadation
can be controlled by screw design and is found to be less severe
than degradation induced by two-roll milling (69). The degree of
dispersive mixing obtained by twin-screw extrusion compounding
is greater than that achieved by using ‘a double-blade mixer
(20). |

2.2.4- Rheological considerations

The rheology;of C/M-injection moulding mixtures is governed by
the properties of both the binder and the C/M powder (18). In
order to understand the system's viscosity, the effect of the C/M
powder on the binder's viscosity must be examined (18). This was
described in detail in section 2.2.1 of this chapter. As shown

by Farris (16) the relative viscosity of the filled polymer
system (I ) can be described by L. = (1-V) "k (13) where V is
the volume fraction of solids =Vp/v'l" K is a constant which
varies according to the particle size distribution of the
powder, V is the powder volume and vV, is the total volume of the
powder plus binder. Fig. 2.5 shows these relationship
graphically. Firstly, it can be seen that the mixture V1scosity
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binder viscosity is normalised to unity. The second critical
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observation is that the viscosity is a function of the volume

fraction of solids (18). This is critical since this value
determines the green (moulded) density. The viscosity 1is
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independent of the particle size distribution below . 50 volume
$ of solids (18). However, it is desirable, and often necessary,
to attempt to mould C/M-binder mixtures which have solid
contents in the range 60-75 volume %, making the particle size
distribution a critical variable. As also shown by Farris (16),
by altering the particle size distribution from a sharp,
monomodal type distribution to a broad, infinitely modal type
distribution, one can increase the solids content without
increasing the system's viscosity. Mangels and Williams (46) have
verified this relation and phenomenon for silicon powder in a
wax binder for volume fractions of 0.73-0.79 silicon.

In addition to the particle size distribution, the particle size
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espec1a11y when working with fine, high-surface area powders.
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Fig. 2.8 shows .the effect of surface area on the relative
viscosity of a ceramic injection moulding mix at two levels of
solid volume loading (18). When working with highly loaded
systems, a number of factors come into consideration (18). The
binder system must be compatible with the powder,i.e. the binder
must completely wet each individual particle. Consequently,
surfactants, which act in a manner similar to a deflocculant,
must usually be included in the binder formulation. The powders
must also achieve the highest packing density so that to utilise
the available binder most effectively and also to achieve high
moulded and sintered densities. A more spherical powder
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morphology__ is_desired so that Optimum powder packing can be
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attained. Finally, a uniform distribution of binder and powder
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is essential and.to achieve this high shear mixers must be
employed. | T T

C/M injection moulding mixtures exhibit a yield point which must
be overcome before the material will flow. The presence of a
yield point is due to the presence of an aggregated structure
formed by the powder particles (70) and is dependent on the
particle shape and packing density (5). Once the material begins
to flow, its viscosity is dependent on the temperature and shear
rate as shown in Fig. 2.9. This behaviour is also observed in
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plastic materials (71). Th1s __shear__thinning .1.s due to the
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breakup of the powder agglomerates at the hlgh shear rates,

resultlng inTa complete d1spers1on of the blnder between the
powder'particles, which lowers the'Van der'Waals forces ‘between
the partlcles (18) .. The reduction of these forces results in a
io;er“;;barentv1scosityi This process is accelerated at higher
temperatures which shows the dependency of viscosity on
temperature (18). Experience has shown that a good flow
during polymer injection moulding requires a viscosity of < 10%
poise (= 10° Pas) with a shear rate (in the gates and mould) in
the range 100-1000 s°!, although it can occasionally reach 10000
sl (13). It is therefore assumed that any binder formulation
with a viscosity <.-10° poise -within the indicated shear rate
range will be suitable for moulding, and to define the
rheological behaviour of such materials plots of viscosity
versus shear rate - are the most accepted : graphical
representations which show the dependency of viscosity on shear
rate and temperature (72). The viscous flow of such materials is
described (13, 72) as follows. (i)=- St. Venant where viscosity
is inversely proportional to shear rate.

(ii)- Bingham plastic which does not show any flow unless the
shear stress reaches a critical unit. The non linearity has been
attributed to changes in the network structure and alignment
within the.network structure of the flowing material as the
stresses change. The network structure can support a stress
before any material flow can be initiated. This finite stress is
known as the yield stress.

(1ii)- Pseudoplastic: where viscosity decreases continually as
shear rate increases. -

(iv)- Dilatant where viscosity increases as shear rate
increases. }

The above flow behaviours can be seen as viscosity flow curves
in Fig. 2.10. For a successful injection moulding process, the
C/M powder-binder mixture should have either Bingham or
pseudoplastic flow characteristics (13, 72).

To obtain the viscosity-shear rate data a capillary rheometer is
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usually used which provides the apparent viscosity and apparent
shear rate data (13). The viscosity is the ratio of shear stress
to shear rate. Mutsuddy (13) also mentioned that the ultimate
rheology of filled polymeric systems for injection moulding will
be determined by the physical characteristics of the C/M powder
being used as filler.

2.2.5- Injection moulding machines

Development of injection moulding machines

C/M injection moulding machines are basically the same as the
plastic injection moulding machines (18). However, the injection
moulding process (IMP) had its origins in the die-casting
techniques (51) invented by:Sturges in 1849 (73) for non-ferrous
alloys and therefore the designs of the first injection moulding
machines for polymers were based upon die-casting methods. The
first machine was used to fabricate cellulose nitrate
plasticised with camphour and was patented by Hyatt in 1872
(74) . In this machine a ram applied pressure to the material in
a heated chamber extruding it through a nozzle into a cold mould
to produce continuous rod, sheet or tube. The first moulding
process used a multi-cavity mould to coat metal parts with
celluloid (71). A more detailed account of early work is
reported in several texts (75). Uniform heating of the material
was a problem in these early ram machines but improvements were
achieved by incorporating a spreader into the flow channel
patented by Gastrow (76). Many of the characteristics of modern
machines appeared in the rapid developments of the 1930’s,
including early automation made possible by temperature
controllers, timers and dosing devices. Better control over
injection pressure, mould closing and barrel heating facilitated
the fabrication of large components. This in turn gave rise to
larger moulding machines, including the 1large multi-nozzle
machines with vertical clamping which appeared in 1936 (51).
Serious problems of reproducibility of components remained, and
to solve this problem an early automatic machine was patented by
Burroughs (77). Thus by 1940 machines had developed to include
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hydraulic ram acting in a heated thermostatted cylinder with an
internal spreader and injecting into a vertically or
horizontally clamped mould with hydraulic and toggle clamping
and automatic ejection (51).

By 1944 a machine was available capable of moulding both
thermoplastic and thermosetting materials (75). Mould closing
and clamping by hydraulic and toggle methods were perfected at
this time (78) and a device combining injection and compression
moulding was in use (79).

Types of injection moulding machines

Injection moulding machines are characterised by the injection
end rather than the clamp geometry and two major types of
machine are commonly used: the plunger-type and the
reciprocating-screw type injection moulding machine (71).

A typical single-stage plunger-type injecfion moulding machine
is shown in Fig. 2.11. A metered quantity of material enters the
heated barrel from the feed hopper and, as the plunger/piéton
advances, flows over a torpedo or spreader designed to improve
heat transfer (80). Such machines suffered from several
disadvantages (81). There was 1little mixing of the molten
material, giving rise to inhomogeneity. The pressure at the
nozzle could vary considerably from cycle to cycle as the
plunger compressed material which ranged from solid granules to
viscous fluid. Since viscosity of polymer melts is pressure
sensitive, erratic pressure increased the mould f£filling
variability. The torpedo caused a significant pressure drop. The
shot size was difficult to meter accurately.

A preplasticising system overcame some of these disadvantages
(82) . Such machines had twin barrels and in the case of a two-
stage plunger device material was plasticised in the first
barrel before being fed into the second barrel via a non-return
valve (51). The torpedo could then be omitted from the injection
barrel. Homogeneity was assisted by passing the material through
the inter-connecting nozzle. Shot size was metered by using
limit switches on the primary barrel. In screw-plunger machines
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the primary plunger was replaced by a rotating screw (51).

The development of the reciprocating screw machine overcame many
of the problems of plunger machines (51). The use of a rotating
screw to heat and convey material was first introduced in
Germany in 1943 (83). A typical reciprocating screw-type
injection moulding machine is shown in Fig. 2.12 (51). Adhesion
to the barrel wall allows the rotating screw to pump material
forward, simultaneously mixing and heating the fluid to achieve
uniformity. An adjustable pressure applied to the screw controls
the reverse drift of the screw in the barrel and thus the
plasticisation of the material. The screw then ceases to rotate
and behaves as a plunger, injecting the material into the mould.
A check ring or ball valve prevents leakage of material past the
end of the screw. The screw remains in the forward position
applying a hold pressure to compensate for shrinkage of the
material in the cavity. The screw then again rotates recharging
the injection chamber while the mould remains closed (51).

The fundamental improvement in the ' screw machine 1is the
preplasticising action (84) which causes direct Joule heating of
the material. High' shear rates produce lower viscosities in
pseudoplastic fluids. Lower injection and clamp pressures can be
used because of the material resulting from non-laminar flow.
Degradation problems are less severe because of lower residence
times and better heat transfer. This is especially advantageous

in the processing of heat-sensitive materials. Finally, screw
machines are more efficiently purged as the material is changed
(51). " | t ]

As mentioned earlier both plunger and reciprocating screw-type
injection moulding machines used for unfilled polymers are also
used for injection moulding of C/M powder-binder mixtures after
minor modification (85, 90, 93). Reciprocating screw machines
are often favoured (90, 93) as they provide better metering,
homogeneity, injection pressure control, reproducibility and
lower cycle time. In plunger machines flow moulding is not
possible and part size is limited by the maximum volume of the
plunger stroke (93). Nevertheless plunger-type machines are

39



often favoured on the grounds of longer machine life because of
less wear (85, 95). They also tend to require less capital
investment (95). - -

Plunger machines can be vertical injection, vertical press type
with attainable cavity pressure up to 170 MPa, or of the
horizontal type. - They are ' generaly fully microprocessor
controlled and equipped with a shuttle table to allow the
transfer.

Reciprocating screw machines specifically developed for ceramic
injection moulding are also currently marketed (90, 95). These
are based on conventional designs and are again fully automated.
Some machines contain circuits which permit fine control of
injection and hold pressures which is considered essential for
ceramic moulding (51).

Wax-based systems tend to have much -lower viscosities (< 200
Pas) than high polymer systems and are often injection moulded
on plunger machines (85) known as wax-injectors. Such machines
vary in size from the small (12000 Kg) horizontally clamped
devices to large (300000 Kg) vertical press machines.

For thermoplastic and wax systems direct injection process are
used in which the heated suspension is forced into a colder
mould under pressure and then subjected to a hold pressure as it
solidifies (85, 95). For thermosetting systems, however,
transfer moulding is used in which the softened suspension is
transferred by a plunger or screw to a heated mould where the
resin cross-links (85, 92). In both -cases the polymer phase

undergoes a shrinkage as it changes state and this can introduce
defects (51).

Wear of injection moulding machines Kl
Wear and corrosion of machine parts and tooling is regarded as
a problem in ceramics injection moulding (85-86). The barrel,
screw, non-return valve, nozzle and mould are -areas especilally
at risk (87). The difference in hardness between ceramic powder

particles and metal and cermet parts as can be seen from Table
2.1 1s a main factor in abrasive wear (88). A furthur factor in
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determining ploughing action is the particle size and size
distribution of the ceramic powder (51). Pressure on the
material has a pronounced influence on machine wear and this
tends to localise the severity of damage (51).

Studies of machine wear caused by filled polymers (89) suggest
that material hardness 1is not a good 1indicator of wear
resistance. Particles produced more severe wear than fibres in
the conveying zone. On arrival in the metering zone it is
considered that particles would be coated with molten polymer
(89). ”

Japan steel works (90) incorporated corrosion-abrasion resistant
screws although the material was not specified. The barrels were
lined with a nickel-based iron-chromium boride composite with a
hardness of . 7.6 GPa. This reduced damage to the mating screw
surfaces compared to metallic cylinders. Also barrel wear with
a silicon carbide composition was 20 % of that seen on nitrided
steel (nitrided barrels and chromium-plated steel screws were
subjected to severe wear and enhanced 1leakage flow between
flights and barrel made process control impossible).
Non-return valves of the check ring type have also been
subjected to appreciable wear (91). Nozzle and nozzle seat wear
has been observed on a carbon steel of hardness 4.7 GPa but was
considerably reduced by using a tool steel of hardness 7.5 GPa
(51).

Tooling should also be constructed of wear-resistant material
and resistance to chipping is also important (86). Thus high
carbon-chromium tool steels have been preferred to high wear-
resistant but brittle carbide cermets and for the same reason
steel-bonded carbide' has been rejected (51).

Since 1974 high pressures (35-140 MPa) have been used
extensively for ceramic injection moulding (72) and this tends
to enhance machine wear. Furthurmore, with incorrectly
formulated compositions dilatancy effects can be induced by high
material pressures causing separation of fluid from powder (61,
92). These difficulties have led to the use of lower pressures
in the range 0.2-0.6 MPa (93). The low-pressure process
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originated over 30 years ago in the electronics industry and
machines using the same principles are marketed today for
ceramic injection moulding (94). In such machines moving parts
such as screws or plungers are absent and energy consumption is
small (1-3 KW). Dies are generally small and may be constructed
from aluminium or wood_bécause of the low pressures (93).

Low viscosities (. 100 Pas) are achieved by using wax-based
systems which are mixed in a thermostatted tank incorporating a
planetory mixer. Injection of the die is achieved by imposing
air pressure on the material in the tank causing it to flow
along a feeder pipe into the mould. The method has been used for
silicon nitride, silicon carbide and oxide ceramics (93) but it
is not clear how shrinkage defects in thick section mouldings
were avoided (51).

2.2.6- Moulding cycle .

Mutsuddy (72) has defined the moulding cycle as follows.

A moulding cycle is based on time, temperature and pressure.
Since moulding is a dynamic process, the various stages usually
overlap, and they need to be characterised if analysis and
control are to be attempted. The usual mould cycle sequence is
as follows: 1~ Dead stage. This is the period of time (after the
mould closes and the plunger/screw starts forward) before the
material starts to flow into the sprue bushing.

2= Mould filling stage. The time during which material flows
into the mould and fills the cavity.

3- Pressure build up stage. The time (after the cavity is filled
and the material begins to cool) during which pressure in the
cavity builds to injection pressure.

4- Packing stage. The time (including the pressure build up
period) during which material flows into the cavity at a
relatively slow rate. The injection cycle ends with this period
and the plunger/screw retracts.

5- Discharge stage. In this stage the material in the gate is
still fluid, with zero pressure on the runner side and slightly
less than injection pressure in the cavity, the material flow
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reverses. Flow rate 1is determined by either the seal or the
follow-up pressure.

6- Cooling stage. In this stage the material in the cavity cools
with no flow through the gate in either direction.

Along with a time sequence, it is essential to have the correct
temperature and pressure sequence (72). The pressure-temperature
functions in moulding processes have been presented as an ‘ideal
gas’ equation: (P+=xn).(V-W)=RT where P 1is the hydrostatic
pressure, 'V 1is the specific volume, T 1s the material
temperature and n, W and R are constants for specific moulding
materials (72). It can be argued that if the mould temperature
is constant in the cavity immediately upon injection, the
effective specific volume (V-W) is inversely proportional to the
effective applied pressure (P+x). Once the gate is frozen, the
effective specific volume is constant, and the effective applied
pressure drops in proportion to the temperature (72). It is
possible to construct a model from this equation and obtain
temperatures and pressures for moulding specific material into
a fairly simple shape (72).

2.2.7- Injection moulding conditions

wa wheappe—aiy e,

It is -quite {’complicatecwl_\,_to predict approximately the flow

behaviour of cé?amié“Suéﬁénsions due to their reduced thermal
capacity and increased thermal conductivity which. cause rapid
cooling in the runner and mould. Furthurmore the yield point
behaviour of the suspension changes the flow behaviour at low
shear rates (51), and viscosities of suspensions tend to be much
higher than those of unfilled polymers (16). For these reasons
the correct choice of machine parameters is important if sound
mouldings are to be obtained (90).

Peshek (85) has listed several reqﬁirements for ceramic moulding
as follows: optimisation of pressure, temperature and injection
speed is essential. Particular attention to mould temperature
and pressure hold times are also very important (61). It .is
believed that the injection speed has a pronounced effect on
ceramic moulding (90) because of the rapid chilling of the melt,
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described above. Reliability of temperature control is important
with correct choice of thermocouple locations to avoid hot or
cold spots. Pressure control mechanisms should be hydraulic and
allow repeatable and accurate control over a wide range.
Injection pressures are typically in the range 35-140 MPa (93).
Internal stresses in moulded ceramic articles can produce
internal defects both during solidification in the cavity or
shortly after removal (51). This 1is enhanced by the
solidification and cooling of a pocket of fluid trapped ‘in the
moulding after the sprue or gate has frozen off. Attempts to
solve the problem therefore centre on ways of keeping the sprue
molten until the interior of the moulding has completely
solidified (51). |

Extremely high pressures should compensate for thermal
contraction (71) and this approach has been used to produce
polyethylene mouldings with net internal compressive stresses
(96). However, the pressures used (up to 450 MPa) are
impractically high. ’ |

Hot runner moulds have been used for moulding plastics (71) and
these allow the moulding to solidify completely under the
applied hold pressure (97). However, they generally demand very
small gates which are unsuitable for ceramic suspensions.
Oscillating hold pressure has been used for both polymer and
ceramic mouldings designed to compensate for internal shrinkage
(51) . This is described in a German patent (98) for a ceramic
suspension. The reciprocating screw is bored to receive an
oscilla{:ing”piston activated from the screw drive end of the
machine. Another part of the device applies oscillating pressure
to the ceramic material in the mould and this oscillation is
claimed to enhance pressure transmission.

Oscillating pressure applied to the moulded material in place of
a static hold pressure was used by Alan and Bevis (99) to keep
the sprue and runners molten during mould cooling and thereby to
make 40 X 60 mm thick section mouldings of unfilled polyethylene
without sink marks of internal voiding. The oscillating pressure
causes viscoelastic heating 'in the sprue and runners and this
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allows the interior of the moulding to be filled, compensating
for shrinkage.: Continuous monitering of the cavity pressure
allows the process to be controlled.

The same technique has been applied to short fibre reinforced
thermoplastics (100) and ceramics (51) although the device is
subject to wear when used with ceramics.

Defects introduced by entrapped ailr or adsorbed moisture 1in
ceramic injection moulding mixtures have been overcome by using
an injection moulding machine in which the feed reservoir and
the mould are held under vacuum by a series of valves, a vacuum
pump and vacuum reservoir.

Mangels and Trela (18) reported that plastic moulding results
can be analysed in terms of four fundamental variables: material
temperature, flow rate or shear rate of the material, the
pressure of the material in the cavity and the material’s
cooling rate. All of these variables related to the material
conditions exist in the die cavity. Table 2.2 illustrates how
these fundamental variables are affected by selected machine
variables (18). From this Table it is obvious that a given
machine variable will affect more than one of the fundamental
variables -simultaneously. Consequently problem analysis
involving machine variables alone can often be mnisleading.
Development tooling should be designed to include transient
temperature and pressure instrumentation in the die cavity in
order to determine the values of the fundamental variables (18).

2.2.8- Mould design

The success of injection moulding is partially determined by
mould design efficiency and the quality of the mould
construction (72). Consequently, initial consideration should be
given to the part (component to be moulded) design before
designing its mould. The feasibility of using injection moulding
to form a part should be based on factors such as part size and
weight,  section thickness, shrinkage, tolerances, - draft,
threads, radii and holes (72). After careful review of all these
factors, the actual mould design should be considered  in the
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lii;ht" of the following considerations: 1- Best results are
achieved if the runner is short in length and circular in shape
(diameter can vary). The runner should be placed in the ejector
half of the mould. |

2- The preferred gate shape is either round or rectangular. Gate
size appears to have more influence than shape on the manner in
which the cavity is filled. Larger gate sizes appear to be
beneficial because, as the gate size 1is 1increased, the
probability of jetting is reduced by the lower velocity of the
material entering the mould, the evidence of knit/weld lines is
reduced and cavity filling is rapid, thus preventing the
material from freezing prior to completely filling the cavity.
In addition, changes in gate location can reduce or eliminate
material jetting. )

It follows therefore that the gate geometry is one of the major
variables affecting the amount of shear encountered during
moulding (18), and this is the principal variable affecting the
material’s viscosity. Gate geometry can also influence other
fundamental moulding variables such as the flow rate of the
moulding compound into the mould cavity, and through this
parameter indirectly controls the cooling rate of the material.
The location of the gate relative to the component cavity is
equally important in producing high quality articles (18). An
improperly placed gate can result in turbulant flow or jetting
in the mould cavity resulting in voids and surface blemishes. If
the flow rate of the material into the cavity is too low, weld
lines will form in the moulded components (18). The thermal
conductivity of a ceramic moulding mixture is about ten times
that of a plastic, and its specific heat is about two times that
of typical plastics. Consequently, unless the cavity is filled
rapidly, weld lines will form because the moulding mixture is
too cold -to knit together to form a homogeneous component.
However, a correctly placed gate will result in laminar or plug
flow within the cavity, resulting in defect-free components
(18).

Fig. 2.13 is the schematic representations showing the effect of
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various gating geometries on the resulting material £fill
patterns in a simple rectangular test bar mould (61, 102, 103).
The end gate [Fig. 2.13 (a)] results in the worst flow pattern.
The material, when injected at high velocities, produces a
turbulant flow pattern, which makes air entrapment (voids) a
distinct possibility. Often this flow pattern will result in
jetting to the end of the cavity. The backflow pattern may
result in knit lines where two flow fronts meet. Unless the
material is injected at high rates, the material will cool
before it can be compacted and knitted together into a uniform
body, resulting in knit lines. Fig. 2.13 (b) is a representation
of a side gate, at which the material is injected at high
velocity across the cavity into the opposite wall, where a
laminar flow pattern develops. Fig. 2.13 (c) shows a special
case of the side gate, the fan and top gate. Here the mix is
injected from the top of the mould cavity at one end of the test
bar. A-laminar flow region is immediately formed and continues
through the length of the test bar (18).

3~ Vent location is most effective when jetting is reduced and
the cavity is filled from the gate area through the remainder of
the cavity.

4- Filling is more controlled when the material comes into
contact with a cavity surface immediately upon. entry.

5- When the mixture is injected into the cavity, it takes the
path of the least resistance. Consequently, simultaneously using
gates -of different sizes may not be advisable.

6= Depending upon freezing rate of the material, it may not be
desirable,. to simultaneously. use cavities of different sizes.
7- Material rheological characteristics influence the retention

of weld marks and knit lines in the moulded parts.
8- Wear on machine parts and on the mould should be monitered as

they may contaminate the moulded parts.
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2.2.9~ Binder removal techniques

Five techniques of binder removal have been identified (52) and
they are as follows:

(1)- Thermal degradation of the organic binder in an inert
atmosphere.

(2)- Oxidative degradation.

(3)- Capillary flow into a finer powder.

(4)- Evaporation.

(5)- Solvent extraction.

Thermal degradation

This is the most widely used technique - for the removal of
organic binders (52). It may involve depolymerisation, in which
the carbon-carbon backbone of the molecule 1is severed,
decreasing the molecular weight, or may involve substituent
reactions during which side groups are attacked (typified by the
stripping of HCl from polyvinyl chloride). The former may occur
either by a random process leaving 1large molecular weight
fragments (which occurs for most polyolefins) or by scission at
reactive sites yielding mainly monomer but having little initial
effect on molecular weight (which occurs for polyoxymethylene).
Thermal degradation, however, involves a very slow heating rates
and this leads to very long debinding times which could take
several weeks for thick and complex articles (61, 110). If the
temperature is not accurately controlled, decomposition of the
polymer occurs within a narrow temperature range resulting in
high degradation product vapour pressures producing swelling and
cracking (90). Initially the moulded article may be heated to
its softening point fairly rapidly so that the vehicle (binder)
becomes fluid (61, 111). An exception is where residual stresses
are present in mouldings and a low temperature stress relieving
. treatment 1is preferred (110). Subsequently an extremely slow
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heating rate (e.g. 2°C/h for a 6 mm thick article) "is required
at the early stages of decomposition (mostly at . 150-460°C). The
rate can be increased (e.g. to - 10°C/h) towards the end of the
process when a substantial void volume is present (110).
Vacuum or inert gas atmospheres are required for some polymeric,
metallic ‘and ceramic materials during the debinding process so
that to prevent the oxidation reactions which cause cracking of
the moulded article. Pressures of 7-14 Pa have been found
acceptable (110).

A blend of polymers (atactic polypropylene) with different
molecular weights has been used in order to broaden the burn-out
region (i.e. the critical decomposition region) so that to have
an easy and defect free burn-out (112).

It is very important to have no carbon residue (after debinding)
particularly for nitrogen ceramics. Similarly ash content of the
polymer becomes important in some applications where very low
silicate or sodium levels are required and in particular for
optical property control.

It is common practice to embed injection moulded articles 'in‘a
fine powder such as alumina during binder removal (60, 61, 90).
The powder bed may perform several functions. It may allow
temperature uniformity in the furnace, avoiding surface radiant
heating. It may, under certain circumstances, extract fluid from
the article by capillary action. It may reduce the steep gas
partial pressure gradients at the surface of the moulding. It
may also support the moulding in its softened state and thus
prevent sagging (90). However, if thermal degradation process is
to be carried out in terms of weight loss measurements, then the
powder bed 1is not used since the condensation of polymer

degradation products in the powder bed may give errors in weight

loss measurements and thus may interfere with process control
(110).

Flaw generation during binder removal by thermal degradation can
occur early in the cycle (61). When the binder becomes fluid,
flaws can be generated by expansion of air compressed into the
component during injection moulding. Blistering and cracking of

49



the components can occur if the temperature is increased too
steeply due to rapid evolution of volatiles.

Delamination. or internal cracking is a more serious type of
burn-out flaw. It is claimed to be independent of the binder
removal rate and depends on powder loading and morphology of the
powder (61). It can also be related to the use of certain
organic binder systems. Control over this type of flaw has been
achieved by. modifying powder 1loading levels and by selecting
suitable surfactants. The.binder is preferentially removed from
the surface of mouldings but subsequently, as polymer emerges
from the interior, the resulting slight shrinkage generates
tensile stresses and causes internal cracks (61). Skin formation
is another defect frequently observed. This can produce surface
cracks and blistering. This has not been fully explained but may
be related to preferential polymer degradation at the surface
(52).

Oxidative degradation

This is found (144) to be the most effective binder removal
technique for the polyolefine moulded components. Polyolefines,
either as waxes or high polymers, have been used extensively as
ceramic injection moulding binders (1) and their degradation

(115-117), reaction products and catalytic influences (121, 122)
have been well documented. Of particular interest is the
influence of sample thickness on the oxidation of polyolefines.
An effect of thickness caused by oxygen diffusion is found in
degradation studies, when sample thickness exceeds 250 pm (122).
Not only does -the rate of reaction depend on oxygen partial
pressure but the nature of the reaction sequence also changes
(123). Since most injection moulded articles are much larger
than 250 ym the oxygen diffusion step controls the kinetics and
the complexity of reaction sequences and hinders the application
of known kinetic data to the problem of process control. Thus it
was stated that temperature-time schedules have to be modified

for changes in size and shape of component as well as minor
changes in the binder (114).
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Capillary flow into a finer powder

A powder bed (having a particle size equal or less than the
injection moulded powder) to extract binder from the component
surface by capillary action was used by Peltsman et al (52).
They used a low viscosity wax and initiated the capillary
extraction process between 50 and 60°C and continued heating to
120°C. Evaporation of the remaining binder continued up to 300°C.
However, the same technique may be less effective with high
polymers. Its success with mouldings of ultrafine precipitated
powders has not yet been demonstrated (52).

Evaporation method

This is another method of binder removal from a green body
before sintering or the like wherein the green body is placed in
a pressure chamber wherein the pressure is raised to a level
above the vapour pressure of the binder in the green body at the
ambient temperature within the pressure chamber (124). Where
several binders are utilised simultaneously, the pressure within
the chamber is maintained higher than the vapour pressure of the
lowest of the binders then in the green body at the temperature
within the green body. ' Under these conditions, the binder or
binders will turn to a vapour, will follow the normal laws of

evaporation and diffusion and diffuse out from the green body
into the surrounding environment within the chamber. The binder

can subsequently be removed from the chamber in conventional
manner (124).

Detailed description of the ’evaporation method’

Referring to Fig. 2.14 (124), a green body, which is formed from
particular material and binder in accordance with prior art
methods, 1is placed in a pressure chamber 1 which is filled with
an inert gas such as argon, helium, nitrogen or the like via
valve 2. The chamber 1 is heated to a predetermined temperature
by means of the heater 3 and to a predetermined pressure by
means of pressure regulator 4. The pressure within the chamber
is designed to be above the vapour pressure of the binder in the
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green body 5 at the temperature within the pressure chamber 1.
The term pressure relates to the total pressure within the
chamber which is represented by the sum of all the partial
pressures of the vapours and gases in the chamber 1. At the
temperatures and pressures within the chamber 1, the binder
within the green body 5 will have a pressure of vapour above
zero or of finite value which causes the binder within the green
body to leave the green body in a vapour phase to the point
where the external pressure of vapour (that in the chamber) is
the same as the pressure of vapour within the green body (that
of the binder). At this 'point there would be a dynamic
equilibrium between the external (in the chamber) and internal
(green body) binder vapour pressure. However, at this point of
saturation, the net furthur removal of the binder from the green
body into the chamber will be zero.

It is therefore necessary, that the chamber atmosphere
continually move from the green body into the atmosphere in
other than an equilibriu}n state. This 1is accomplished by
providing a portion of the pressure chamber which is in a cooled
state. Accordingly, there is provided the chamber portion 6
having cooling coils 7 therein wherein binder in the atmosphere
is condensed into the condensate collecting region 8, the
condensed binder being shown at 9. As this binder is removed
from the atmosphere, other binder from the green body 5 can
replace it within the atmosphere. The rate of removal of binder
from the green body is dependent upon the temperature 1in the
chamber 6 caused by the cooling coils 7. It is necessary that
this removal rate not be too great so that internal pressure
gradients can be formed in the green body which would tend to
cause cracking or rupture as in the prior art systems. In most
cases this would not be a concern though it could be a concern
in certain isolated situations. The condensate can be removed on
line or at the end of a cycle by opening of the pet cock 10

wherein the binder, which is in 1liquid state or which is
maintained 'in a liquid state, flows through the pet cock into
the container 11. * |
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An alternative form of binder removal can be accomplished by
means of the valve 12 in the line 13 joining the chamber 1 to
the chamber 6 can be controlled, thereby also controlling the
amount and rate of binder removal. It is also apparent that the
valve 12 can be used in combination with variable setting of the
temperature within the chamber 6 caused by the cooling coil 7 to
control the rate of binder removal.

In a continuous process, the same apparatus as shown in Fig.
2.14 will be utilised. However, the valve 12 would serve to cut
off the chamber portion 6 from the chamber portion 1. In this
way, the chamber 1 can now be heated to sintering temperatures
whereupon the green body will be sintered in accordance with the
prior art techniques. It should be understood that multiple
chambers 1 can be coupled via valve 12 to a single cooling

chamber 6 and provide the same results as described herein
above. -

The following example was provided by the inventor (124) of the
above invention: |

Example

A green body was formed by injection moulding a mixture of
nickel powder having particle sizes in the 3-5 micron diameter
range and a paraffin binder having a melting point of 56°C. This
green body w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>