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SUMMARY

The development of injection moulding techniques and their application to
ceramic suspensions is described, with particular attention being paid to the
mixing of suspensions prior to moulding and to the origin of moulding
defects. Methods for the removal of the organic component of the injection
moulding blend are reviewed.

1. INTRODUCTION

The injection moulding process evolved from metal die-casting technology
and has been used for over a century for shaping polymers. The first
ceramic articles were produced in this way half a century ago. Today,
many substantial research programmes worldwide aim to perfect the
fabrication of fine engineering ceramics by this versatile technique.!

A ceramic blend must be prepared prior to injection moulding and
therefore dispersive mixing of the ceramic powder in an organic vehicle is
an important initial step. Technical developments in mixing therefore
impinge on ceramics fabrication by determining the uniformity of particle
assemblies in prefired bodies and therefore uniformity and extent of
shrinkage.

In the present review the main technical developments in injection
moulding machine design are described, including recent developments
which allow control over solidification in the mould.
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The process of flow of the suspension into the cavity and of solidification
is qualitatively described. The complexity of such processes still prevents
the development of models which yield useful information for the prac-
titioner. It is at this stage that moulding defects or residual stresses develop
in moulded parts.

The polymer removal stage is often considered the most challenging
technical aspect of the process. This may be because detailed study of this
complex process has only recently begun. The techniques that have been
applied to the problem, in so far as they have been published, are discussed
below.

2. MIXING OF CERAMIC INJECTION MOULDING BLENDS
2.1. Characteristics of mixtures

The mixing of polymer—ceramic blends for injection moulding has received
scant attention in ceramic literature but is considered of great importance
in the preparation of filled polymers and polymer blends.?~* It will be
shown below that it is also of considerable importance to ceramists because
failure to disperse ceramic powder in a vehicle at an early stage in the
process may result in non-uniform shrinkage at a microscopic or even
macroscopic scale during subsequent sintering. The principles of mixing
in so far as they apply to ceramic systems in general have been reviewed
by Messer.’

It is generally insufficient to consider ceramic injection moulding blends
as simply two-phase systems of ceramic in a polymer matrix. It has been
shown! that the matrix is frequently a multicomponent polymer blend
itself. Frequently it consists of a low-viscosity polymer or oil and a viscous
thermoplastic. In most cases incomplete solubility can be expected to
prevail and the degree of dispersion of one polymer phase in the other will
influence the properties of the blend; in particular its decomposition
kinetics. Thus the mixing of ceramic injection moulding blends involves
the dispersion of ceramic 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 timescales, leaving forced
convective flow as the main mixing process.” 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
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increases, or that solid particles are distributed throughout the matrix,
then distributive mixing is said to have occurred.

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 stress imposed on the material determine the extent of mixing and
this is known as dispersive mixing.?

The importance of dispersive mixing in ceramic systems is illustrated by
the recent work of Lange® 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’
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.® Furthermore failure to disperse
agglomerates may influence the sintering kinetics and reduce the fired
density by leaving thermodynamically stable pores with a large grain
co-ordination number.!'?

In defining mixture quality the characteristic volume, sometimes called
the scale of segregation, is an important parameter. Characteristic volume
may be defined® as the amount of material at every location 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 Griffiths’ equation for a desired mechanical strength. This
would mean that compositional uniformity would be expected among
random samples of typically 1000 um? volume. Since such samples are well
below the limits of practical analysis, resort to microscopical methods!!+!2
is necessary in defining mixture quality. Since flaws produced by firing
agglomerated powders are typically of the same dimensions as the starting
agglomerates® the characteristic volume will be smaller than the volume
of agglomerates often found in ceramic powders.!? The breakdown of
agglomerates in shear flow is described quantitatively by Tadmor and
Gogos.'?

There is increasing interest in ultrafine monosized spherical powders
which can be packed into ordered arrays for ceramic fabrication.!#1% In
this case the characteristic volume would be of particle dimensions. The
best that can be expected from injection moulding of such particles is a
uniform random packing throughout.

Numerous indices to quantify the extent of mixing have been proposed
and these are reviewed by Fan and co-workers.!%!7 In general these are
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based on the standard deviation s or the variance s? of the composition
of spot samples taken from the mixture. The simplest such index '8 is given
by

when oy is the standard deviation of composition for a random homo-
geneous mixture (RHM). A RHM is defined as a mixture in which the
probability of finding a particle of a given component is the same at all

locations in the mixture and oy is equal to ./ P(1— P)/n for a binary
mixture of particles. P is the proportion of one component and 7 is the
number of particles in the sample.'® The sampling of mixtures and
treatment of results is extensively reviewed by Weidenbaum.'®

A further aspect of mixture quality is the distinction between ordered
and random mixtures. Ordered mixing occurs when fine particles of one
component find interstices between large particles of another component.®
Another example of interest in ceramics fabrication is where fibres mixed
into a ceramic moulding composition exhibit preferred orientation or
texture in the product. For single crystal fibres X-ray diffraction methods
allow fibre orientation to be defined by a stereographic projection. For
fibres amorphous to X-rays the preferred orientation in two dimensions
can be defined by microscopical or microradiographical methods and the
orientation in the third dimension is defined by the aspect ratio of the
elipse created in the section plane by the fibre and can be found by
quantitative microscopy.

2.2. Mixing techniques

Mixing devices for high-viscosity fluid are reviewed in several reputable
texts.*2%2! The simplest mixers are so-called motionless mixers in which
a fluid is pumped through intricately designed internal passages which
create strain in the fluid and induce distributive mixing. Such mixers consist
of a battery of mixing elements and these introduce a substantial pressure
drop. The high viscosity of polymer—ceramic blends has thus restricted the
use of such mixers.

Lower-viscosity fluids (10-100 Pa s) are frequently mixed in single-blade
stirred tank devices which incorporate either propellers, turbines or paddles
and produce distributive mixing.*

An advance on this process is the range of double-blade batch mixers
such as the ‘Z’ or ‘sigma’ blade mixers which have been applied extensively
to the blending of ceramic injection moulding material. Blade profiles and
power requirements of such mixers are detailed by Irving and Saxton.2°
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Early experts on ceramic injection moulding such as Schwartzwalder??
and Taylor?3 favoured such mixers and some recent research has also
relied on these types.2* The limitations of the double-blade mixers are the
tendency for filled thermoplastics which show yield point behaviour to
reside in dead spaces in the mixer and there is insufficient dispersive mixing
to break down ceramic powder agglomerates.!?

Banbury-type mixers provide higher intensity batch mixing and are used
on high-viscosity fluids for pigment and filler dispersion. They consist of
a figure-of-eight section mixing chamber containing two counter-rotating
lobed rotors. Quackenbush et al.25 employed a torque rheometer of similar
design to prepare ceramic moulding compositions.

The two-roll mill is also a mixer ideally suited to the 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 ef al.?% to produce very high solids content mouldable
cement pastes.

Two types of extruder are used for mixing: single- and twin-screw
extruders. Single-screw devices with a helical screw rotating inside a heated
barrel are not efficient mixing devices?° and are sometimes enhanced by
the incorporation of mixing discs, torpedoes or planetary gears into 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 characterized2” and
machines are well documented in textbooks.?8:2°

Flow in single-screw extruders relies on adhesion of the material to the
barrel wall and it was to overcome this limitation that twin-screw extruders
evolved.3° 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 intermeshing co-rotating extruder invented in 1939, and patented
in 1949.3! Considerable variation of screw design is possible to balance
pumping and mixing characteristics.?? Intermeshing extruders provide
positive displacement pumping unlike single-screw machines and the output
in volume per unit time is given by the difference between the theoretical
flow rate and the sum of the leakage flows described in Fig. 1:

=04~ QL=2mNV—(Q;+ Q.+ 0, +0Q)

where m is the number of thread starts per screw, V is the volume of the
‘C’-shaped channel between the flanks of successive flights and N is the
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transport direction

Fig. 1. Leakage flow paths in an intermeshing twin-screw extruder; after Janssen.3°

rotation rate. O, is the leakage between screw flight and barrel wall, Q. is
the leakage between the screw flight and the other screw, Q, is the leakage
between the flanks of screw flights and Q, is the leakage between flanks
perpendicular to the plane through the screw axis.>® 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.*3
Twin-screw extrusion has been used for the preparation of particle-filled
polymers!! for reinforcement, flame retardancy, fabrication of prosthetic
materials 3* or incorporation of magnetic or dielectric solids. The polymer
degradation during processing can be controlled by screw design3® and is
found to be less severe than degradation induced by two-roll milling.3*
The degree of dispersive mixing obtained by twin-screw extrusion com-
pounding is greater than that achieved by using a double-blade mixer.'?

2.3. Composites

Of particular recent interest is the fabrication of ceramic matrix composites.
This involves particular problems of mixing in which ceramic fibres or
whiskers are dispersed along with ceramic powder in a fluid phase.

The theory of ceramic matrix composites was reviewed by Donald and
McMillan in 1976.36 Since then the reinforcement of engineering ceramics
with ceramic fibres has acquired renewed interest as a toughening method.3’
Injection moulding has been used for short fibre reinforced polymers for
many years>%3° and considerable control is now possible over fibre
orientation.*® The main problem to be overcome when fibres or whiskers
are incorporated in a ceramic suspension is control of fibre length
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degradation during the mixing process and during flow in the moulding
machine. This difficulty has led to interest in fabricating ceramics from
polymeric precursors.*!

3. DEVELOPMENT OF INJECTION MOULDING
TECHNOLOGY

A study of the adaptation of metal die-casting technology to polymer
moulding shows how the problems of defective mouldings were slowly
overcome as attention was directed to key components of the moulding
machine. Many of the problems associated with that technology transfer
were similar to those encountered in modern attempts to mould ceramics.

The injection moulding process had its origins in the die-casting technique
invented by Sturges in 18494? 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 plasticized with camphor and was patented by Hyatt in 1872.43 In
this machine a ram applied pressure to the material in a heated chamber,
extruding,it through a nozzle into a cooled mould to produce continuous
rod, sheet or tube. The first moulding process used a multi-cavity mould
to coat metal parts with Celluloid.***> The key early developments were
by Richards,*® Eichengrun*’*® and Buchholz,*®* and a more detailed
account of early work is reported in several texts.>° 32 Some of the first
materials moulded were filled with glass but the filler was abandoned
because of poor results!*® The first semi-automatic machines emerged in
Germany and America in 1929 and were activated by compressed air.>°
Although suitable for small articles these devices were limited by low
material and clamp pressures.

An hydraulically activated machine appeared in 1934°3 and in the same
period British machines appeared with hydraulic or pneumatic ram
pressure.®® Hydraulic mould clamping was introduced by Piperoux and
Radburn in 1933°* and this overcame the flashing inherent in earlier
designs. The introduction of toggle mould clamping on the Isoma machines
(1936) allowed superior mould locking. 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.>®> Many of the characteristics of modern machines appeared in
the rapid developments of the 1930s, 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
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moulding machines, including the large multi-nozzle machines with vertical
clamping which appeared in 1936. Serious problems of reproducibility of
components remained, and to solve this problem an early automatic
machine was patented by Burroughs.’® Thus by 1940 machines had
developed to include an 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.

By 1944 a machine was available capable of moulding both thermoplastic
and thermosetting materials.>® Mould closing and clamping by hydraulic
and toggle methods were perfected by 1944. Large scale machines for
thermosets were developed at this time,’”*® and a device combining
injection and compression moulding was in use.>®

Machines are characterized by the injection end rather than the clamp
geometry and two major classes of machine are commonly used: the
plunger machine and the reciprocating screw machine.**

A typical single-stage plunger machine is shown in Fig. 2(a). A metered
quantity of material enters the heated barrel from the feed hopper and, as
the piston advances, flows over a torpedo or spreader designed to improve
heat transfer.%® Such machines suffered from the following disadvantages.5*
There was little 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
pressures increased the mould filling variability. The torpedo caused a
significant pressure drop. The shot size was difficult to meter accurately.

A preplasticizing system overcame some of these disadvantages.®2~ 64
Such machines had twin barrels and in the case of a two-stage plunger
device material was plasticized in the first barrel before being fed into the
second barrel via a non-return valve. The torpedo could then be omitted
from the injection barrel. Homogeneity was assisted by passing the material

nozzle heaters  hopper
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mould forpedo plunger
Fig. 2(a). Plunger-type injection moulding machine.
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Fig. 2(b). Reciprocating screw-type injection moulding machine.

through the interconnecting nozzle. Shot size was metered by using limit
switches on the primary barrel. In screw-plunger machines the primary
plunger was replaced by a rotating screw.

The development of the reciprocating screw machine overcame many of
the problems of plunger machines. The use of a rotating screw to heat and
convey material was first introduced in Germany in 1943.%% A typical
reciprocating screw machine is shown in Fig. 2(b). 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 plasticization of the material. The screw then ceases to rotate
and behaves as a plunger, injecting 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.

The fundamental improvement in the screw machine is the preplasticizing
action ®¢ ~®® 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 greater homogeneity 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.

4. TECHNICAL DEVELOPMENTS IN MOULDING OF
CERAMICS

One of the earliest reported applications of ceramic injection moulding
was the manufacture of spark plug insulators in 1937.22 Since then there
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has been considerable and varied experimentation with different moulding
techniques.

4.1. Machine types

The ideal design of moulding equipment depends on the nature of the
organic vehicle system and this can be classified as®® thermoplastic,
thermoplastic wax or thermosetting.

Both plunger and reciprocating screw injection moulding machines
routinely used for unfilled polymers are also used for ceramic suspensions
after minor modification.?%4%-6°~73 Reciprocating screw machines are
often favoured’!'"? 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.”? Nevertheless plunger-type machines are
often favoured on the grounds of longer machine life because of less
wear.25:6%70 They also tend to require less capital investment.”®

Plunger machines can be vertical injection, vertical press type with
attainable cavity pressures up to 170 MPa®° or of the horizontal type.”®
They are generally fully microprocessor controlled and equipped with a
shuttle table to allow die transfer.

Reciprocating screw machines specifically developed for ceramic injec-
tion moulding are also currently marketed.”®’! 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.”*

Wax-based systems tend to have much lower viscosities (<200 Pas)
than high polymer systems and are often injection moulded on plunger
machines®® known as wax injectors.”® The suspension is stored in an
agitated heated chamber prior to transfer to an injection chamber where
an hydraulically controlled piston injects it into a mould. Such machines
vary in size from the small (12000kg) horizontally clamped devices to
300000 kg vertical press machines.

Thus for thermoplastic and wax systems direct injection processes 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.®®"7¢ 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.®®7778 In both cases the polymer phase

undergoes a shrinkage as it changes state and this can introduce
defects.
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4.2. Process control

There is considerable interest in modelling the flow of non-Newtonian
unfilled polymers under non-isothermal conditions through sprue and
runners of varying dimensions but the problems are considerable. It is an
achievement to be able to predict approximately the flow behaviour of
polymers’® and ceramic suspensions are complicated by the reduced
thermal capacity and increased thermal conductivity which causes rapid
cooling in the runner and mould. Furthermore the yield point behaviour
of the suspension changes the flow behaviour at low shear rates. Viscosities
of suspensions tend to be much higher than of unfilled polymers®® and
for these reasons the correct choice of machine parameters is important if
sound mouldings are to be obtained.”!

Peshek® has listed several requirements for ceramic moulding; optimiza-
tion of pressure, temperature and injection speed is essential. Quackenbush
et al.*® pay particular attention to mould temperature and pressure hold
times. It is thought that injection speed has a pronounced effect on ceramic
moulding”! because of the rapid chilling of the melt, 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.”?

Internal stresses in moulded ceramic articles can produce internal defects
both during solidification in the cavity or shortly after removal. This is
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.

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

Hot runner moulds have been used for moulding plastics®® and these
allow the moulding to solidify completely under the applied hold pressure.?4
However, they generally demand very small gates which are unsuitable for
ceramic suspensions.

Menges et al.®> used an oscillating hold pressure for polymer mouldings
designed to compensate for internal shrinkage. Another design for applying
oscillating pressure to a ceramic suspension in the mould is described in a
German patent.®® The reciprocating screw is bored to receive an oscillating
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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 Allan and Bevis®7-88 to keep the sprue and
runners molten during mould cooling and thereby to make 40 x 50 mm
thick section mouldings of unfilled polyethylene without sink marks or
internal voiding. The oscillating pressure causes viscoelastic heating in the
sprue and runners and this allows the interior of the moulding to be filled,
compensating for shrinkage. Continuous monitoring of cavity pressure
allows the process to be controlled.

The same technique has been applied to short fibre reinforced thermo-
plastics®® and ceramics°° although the device is subject to wear when used
with ceramics.

Defects introduced by entrapped air or adsorbed moisture in 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.?1-%2

4.3. Tooling

Design of injection moulding tooling plays a major role in ceramic
fabrication. Stanciu®? outlined the main parameters in tool design. These
include a consideration of flow in runners, part geometry, ease of
automation and cost. In addition, tool wear is an important factor when
moulding abrasive materials.

Incorrect mould design is one of the main causes of weld or knit lines
in single gated moulds although incorrect machine settings can also cause
this defect. Ideally the gate should be in a position where plug flow into
the main part of the moulding is preferred.?® Stanciu®® suggests that gates
should be placed at the bottom of the cavity to ensure flow against gravity
and thus avoid air entrapment, but this is likely to be important only for
low-viscosity fluids or low injection speeds. Venting of the die is important
in avoiding air entrapment. Venting can proceed through ejector pin
clearances or through machined grooves on the die face. Quackenbush et
al.?® have suggested that die design should incorporate overflow chambers
beyond the die cavity. This allows the initial chilled material entering the
mould to be excluded from the moulding.

The conventional mould clamping arrangement of hydraulic ram and
toggle has been dismissed by some manufacturers who prefer simple
mechanical mould locking for ceramic materials.®# This is claimed to
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simplify the machine frame and allow greater versatility in mould
design.

Injection moulding of detailed geometries is expensive to automate but
automation has been achieved for complex silicon nitride stators.®>

5. MACHINE WEAR

Wear and corrosion of machine parts and tooling is regarded as a problem
in ceramics injection moulding.6%-7!+°3 The barrel, screw, non-return valve,
nozzle and mould are areas especially at risk.’® The difference in hardness
between ceramic particles and metal or cermet parts (Table 1) is a main
factor in abrasive wear.®” A further factor in determining ploughing action

TABLE 1
A Comparison of Hardness Values for Typical Ceramics
and Some Wear-resistant Materials

Hardness (GPa)

Ceramics
Zirconia 14
Sialon 20
Alumina 22
Silicon nitride 25
Silicon carbide 33
Wear-resistant metals and cermets
Carbon tool steels 85
High-speed steels 9-0
Nitrided steels 10-0
Tungsten carbide—16% cobalt 11-5
Tungsten carbide—6% cobalt 15-5

is the particle size and size distribution of the ceramic.’® Pressure on
material has a pronounced influence on machine wear and this tends to
localize the severity of damage.”®

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

Nitrided barrels and chromium-plated steel screws were subjected to
severe wear’! and enhanced leakage flow between flights and barrel made
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process control impossible. Japan Steel Works incorporated corrosion—
abrasion resistant screws although the material is not specified. The barrels
were lined with a nickel-based iron—chromium boride composite with a
hardness of approximately 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.
Non-return valves of the check ring type have also been subjected to
appreciable wear!°® as shown in Fig. 3. Nozzle and nozzle seat wear has

Fig. 3. Wear in check ring-type non-return valves.!°°

been observed ?® on a carbon steel of hardness 4:7 GPa as shown in Fig. 4
but was considerably reduced by using a tool steel of hardness 7-5 GPa.
Tooling should also be constructed of wear-resistant material and
resistance to chipping is also important.®® 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.
Since 1974 high pressures (35-140 MPa) have been used extensively for
ceramic injection moulding'®! and this tends to enhance machine wear.
Furthermore, with incorrectly formulated compositions dilatancy effects
can be induced by high material pressures causing separation of fluid from
powder.2>7® These difficulties have led to the use of lower pressures in the
range 0-2~0-6 MPa.”? The low pressure process originated over 30 years
ago in the electronics industry'®? and machines using the same principles
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Fig. 4. Wear groove in nozzle and nozzle seat.

are marketed today for ceramic injection moulding.'®? 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 because of the low pressures.’?

Low viscosities (~100Pas) are achieved by using wax-based systems
which are mixed in a thermostatted tank incorporating a planetary mixer.
Injection of the die i1s 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’? but it is not clear how shrinkage defects in thick section
mouldings are avoided.

6. DEFECTS IN CERAMIC INJECTION MOULDINGS

Moulding defects may originate at the mould filling stage or during
solidification in the cavity. The former include incomplete cavity filling
and the incidence of weld or knit lines. The latter are defects which
originate from volume shrinkage effects or from unrelieved polymer
orientation and consist typically of voids, microvoids, gross cracking or
microcracking. Such defects can provide initiation sites for defects found
in powder assemblies after polymer removal.
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6.1. Mould filling

The entry of fluid into a cavity in an injection moulding machine involves
non-isothermal flow of a non-Newtonian fluid through a variety of channel
sections under high pressure which itself influences both fluidity and
crystalline melting point.'®* It is not therefore a process which can easily
be modelled. The enhanced thermal conductivity and lower specific heat
of a polymer which has been filled with large volume fraction of ceramic
powder means that chilling of the melt is rapid. Incomplete mould filling,
especially of thin sections, may result from low material fluidity, low mould
temperatures, low barrel temperatures or low injection speeds or pressures.
Material fluidity is limited by the need to incorporate large loadings of
powder. Higher mould temperatures are limited by the need to eject the
component without distortion and barrel temperatures are limited by the
degradation of the vehicle during residence.

Filled polymers do not exhibit die swell!°° and show a greater tendency
to jet into the cavity producing a coil and resulting in weld lines within
the moulding.”*-1°¢ Weld lines are regions of weakness and decrease the
toughness.'®” They may persist as defects in the fired ceramic. They are
almost inevitable in multi-gated cavities!®® but can also occur in single
gated articles if the melt front splits to overcome an obstacle. Gate position
can have an important bearing on whether or not welds will occur. In
general welds can be avoided on single gated moulds by side gating the
cavity to generate plug flow.25:106

6.2. Solidification

The development of cracking or voiding in ceramic injection mouldings is
related to non-uniform shrinkage.!°® During the early stages of cooling
the thickness of the solid skin of material adjacent to the mould wall
increases and residual stress may appear, but volume shrinkage is compen-
sated for by the static hold pressure on the fluid material imposed by the
plunger or screw. However, at some time after injection the material in
the gate freezes and the remaining pocket of fluid in the core of the
moulding solidifies, undergoing crystallization and/or thermal contraction.
The resulting stresses produce, in many thermoplastics, characteristic sink
marks in the surface of the mouldings. In ceramic suspensions, however,
such stresses are preferentially relieved by the appearance of voids or
cracks. Examples of such defects in injection moulded modulus of rupture
bars are shown in Fig.5. The tendency to produce voids or cracks is
influenced by the machine settings but also by the crack arrest temperature
of the polymer.'°® The nucleation of voids is particle size dependent!°®
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(a)

(b)

©

(d)

Fig. 5. Defects in injection moulded modulus of rupture bars revealed by X-ray
radiography. (a) Shrinkage voids, (b) transverse cracks, (c) longitudinal cracks, (d) free of
injection moulding defects.

and takes a Griffith form with stress to nucleate a void being proportional
to the reciprocal root of the particle diameter.!'°

For these reasons, post injection hold pressure is an important parameter
and indeed for unfilled materials very high pressures (450 MPa) have
produced residual compressive stress in the centre of mouldings.®? Runner
and gate geometry is clearly important and large gates are favoured®! to
extend the freeze off time. Ram forward time should be sufficient to apply
pressure until the gate freezes. High mould temperatures reduce the
differential stresses resulting from rapid cooling rates.®! High barrel
temperatures reduce viscosity sufficiently to enhance pressure trans-
mission.8! The properties of moulding formulations themselves also
influence the incidence of defects.'®® In particular a low temperature
dependence of viscosity allows greater pressure transmission to the cavity.®!
These problems are enhanced in regions of mouldings with large sections.

Preferred molecular orientation combined with residual stresses can
cause cracking or voiding.!°® During flow in the cavity polymer chains
keyed by the solid skin are extended by polymer flow, producing alignment.
Orientation is avoided by high melt and mould temperatures which allow
recovery to take place. Reduction in injection pressure and speed also
reduce the high shear stresses experienced by the material in the mould.
In this case thick sections tend to suffer less from polymer orientation
effects because of slower cooling.

A recent technique which allows greater control over solidification in
the moulding, and therefore allows the production of thick section
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thermoplastic mouldings, uses an oscillating rather than a static post
injection pressure. The methods of achieving this effect are described above
and have been used to mould large sections of polyethylene without sink
marks or voids.®7-88 More recently short fibre reinforced thermoplastics®®
have been moulded in this way and the technique is being applied to
ceramics.’® The technique causes pressures in the sprue to oscillate at a
preset frequency between predetermined limits. The energy absorbed by
the material causes the sprue to remain molten and material to enter the
interior of the moulding for long and controllable periods after injection.
By constantly monitoring the cavity pressure, the shrinkage and resulting
stresses in the moulded part can be controlled.

7. POLYMER REMOVAL TECHNIQUES

The thermal and oxidative degradation of polymers has been extensively
investigated and is well reviewed.'!! ~!13 Thermal degradation may involve
depolymerization, in which the carbon—carbon backbone of the molecule
is severed, decreasing the molecular weight, or substituent reactions in
which side groups are attacked, typified by the stripping of HCI from
polyvinylchloride. The former may occur either by a random process
leaving large molecular weight fragments (and this is the case for most
polyolefins) or by scission at reactive sites yielding mainly monomer but
having little initial effect on molecular weight (and this is the case for
polyoxymethylene). Polystyrene is intermediate in behaviour. If oxygen is
present, a series of chemical reactions between the polymer and oxygen or
oxygen-containing radicals becomes possible and these may be strongly
exothermic.

The polymer removal stage of the process involves the extraction of
typically 3040 vol.% of vehicle. Five polymer removal techniques can be
identified: (a) thermal degradation of the organic binder in an inert
atmosphere,'!'* (b) oxidative degradation,!!® (c) capillary flow into a finer
powder,”? (d) evaporation,!!® (e) solvent extraction.!’

7.1. Thermal degradation

This is the most widely used technique. It involves a very slow heating
rate and this leads to long cycle times which could be several weeks for
complex shapes.?>!!* 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.”! Initially the moulding may be heated to its softening point
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fairly rapidly whereupon the vehicle becomes fluid.?>'1*® An exception is
where residual stresses are present in mouldings and a low temperature
stress relieving treatment is preferred.’!* Subsequently an extremely
slow heating rate is required at the early stages of decomposition.!'*
Quackenbush ez al.?® heated articles at 10°Ch™! up to the flow point of
the binder and then decreased the rate to 2°Ch ™! between 150 and 450°C.
The rate could be increased to 10°Ch™! towards the end of the process
when a substantial void volume was present.

Vacuum or inert gas atmospheres are preferred*#!!'* during polymer
removal. Pressures of 7-14 Pa have been found acceptable.!!* This avoids
the strong exothermic reaction of polymers with oxygen which hinders
process control.

Attempts have been made to use a blend of polymers with different
molecular weight characteristics in order to broaden the burn-out
region.!'+119 It is significant that for nitrogen ceramics, carbon residue is
undesirable. 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 a common practice to embed injection moulded articles in a fine
powder such as alumina during polymer removal.2+25.71,114.120-122 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
prevent sagging.”! Unfortunately the condensation of polymer degradation
products in the powder bed may give errors in weight loss measurements
and thus interfere with process control.!!4

Peltsman and Peltsman’? used a powder bed to extract binder from the
component surface by capillary action. They used a low-viscosity wax but
the same technique may be less effective with high polymers. They 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.
Ideally in this method the powder bed should be composed of a somewhat
finer powder than that of the moulded article. Its success with mouldings
of ultrafine precipitated powders has not yet been demonstrated.

The early Bendix process for polymer removal took many days. The
binder was a blend of polyethylene, paraffin wax and beeswax''® amd
speeding up the process resulted in cracking and blistering. Strivens!?°
increased the burn-out rates of this process by incorporating thermosets
into the formulation and reduced the removal time to 20 h. It is suggested
that the incorporation of thermosetting resins increased the inter-particle
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adhesion at elevated temperatures. Thus Wiech!!® suggests that the internal
energy of the binder decomposition products must be less than the cohesive
energy of the particle assembly if defects are to be avoided at this stage.

7.2. Oxidative degradation

Mutsuddy!!> has reported that after investigating alternative approaches
to binder removal, oxidative degradation of polyolefins is the most effective.
Polyolefins, either as waxes or high polymers, have been used extensively
as ceramic injection moulding vehicles! and their degradation,!?312%
reaction products!?67!28 and catalytic influences'2%-13% have been well
documented. Some general points deserve emphasis. Although tacticity of
polyolefins does not influence thermal degradation, atactic polypropylene
reacts with more oxygen than the isotactic polymer because more tertiary
carbons are accessible.!3! The tertiary carbons produced by side chain
branching are very susceptible to attack and for this reason polypropylene
is much less stable than polyethylene. Of particular interest is the influence
of sample thickness on the oxidation of polyolefins. An effect of thickness
caused by oxygen diffusion is found in degradation studies, when sample
thickness exceeds 250 um.'3? Not only does the rate of reaction depend
on oxygen partial pressure but the nature of the reaction sequence also
changes.'33 Since most injection moulded articles are much larger than
250 um 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 Mutsuddy!!? states that tempera-
ture—time schedules have to be modified for changes in size and shape of
component as well as minor changes in the binder. However, he has
attempted to identify reaction sequences in polyethylene binder removal
by gas analysis in order to help devise burn-out schedules.!!?

Johnsson et al.}'* used weight loss measurement to control the heating
rate of a burn-out oven under vacuum. The temperature followed a preset
ramp provided the weight loss was below a critical value. The furnace
temperature was reduced if this value was exceeded. In this way 13 wt%
of polyethylene was removed from silicon nitride mouldings in 30h for
10 mm thick cylinders and 35h for a 20 mm thick cylinder. This represents
at least a 50% reduction in cycle time compared to linear heating rates.
These authors claim that supporting the moulding in a powder bed was
not necessary.

Flaw generation during binder removal by thermal degradation can
occur early in the cycle.?’ When the binder becomes fluid, flaws can be
generated by expansion of air compressed into the component during
injection moulding. Blistering and cracking of the components can occur
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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.2® It is claimed to be independent of the binder removal rate and
depends on powder loading and morphology of the powder.?® It can also
be related to the use of certain organic vehicle systems.?> Control over
this type of flaw has been achieved by modifying powder loading 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. ‘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.

7.3. Evaporation

Weich!!® has preferred evaporation or sublimation of binders. The
moulded articles were placed in a chamber with control of binder partial
pressure and of temperature. Thus control of diffusion and evaporation
was achieved. The volatile binder was recondensed and reused. This
method has been demonstrated with 3-5um metal powders and low
molecular weight organic binders. Controlled drying also becomes possible
where water-soluble or water-based emulsion polymer systems are used.!

7.4. Solvent extraction

A two-component vehicle was used wherein one component was soluble
in the extraction solvent and the other insoluble.!?” Combinations of
thermoplastic waxes and thermosetting resins have been employed.!!7:12°
Extraction was effected by immersion in, or washing with, boiling solvent
prior to drying. The process can be automated by using a conveyor belt
which passes through a solvent wash and drying zones. A wide range of
solvents have been used,!!” many of which require expensive plant to control.

The advantage claimed for solvent extraction was faster removal of the
organic vehicle.!!” It was also claimed to be more economical, requiring less
expensive plant. To meet modern safety regulations this may no longer be
valid. The solvent can be distilled and reused.

7.5. Polymer precursors

It is natural to question the need to remove the fluid phase in its entirety
from ceramic mouldings and for this reason the current interest in polymer
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precursors for ceramics’3# impinges on injection moulding. Silicone oils
have been used in moulding compositions to produce silica in the fired
ceramic.'3%13¢ The use of polymer precursors for ceramics was first
suggested by Chantrell and Popper.!3” Such techniques have found
most use in the fabrication of ceramic fibres.!3%:13° There is, however,
considerable interest in the fabrication of monolithic ceramics of silicon
carbide and boron carbide from polymers.'#® The use of such materials
in the binder formulation would have several major advantages; a reduction
in the volume of gaseous product to be removed, an increase in the prefired
strength of the powder assembly and a reduction in shrinkage during burn-
out. Polymers which efficiently deposit ceramic residues are currently being
developed!4'1~143 and this makes the direct fabrication of monolithic
ceramics feasible. Such a procedure would avoid the rheological and mixing
problems of moulding suspensions and it would eliminate the problem of
severe machine wear.

8. CONCLUSIONS

The concept of injection moulding began with metals technology, was
transferred to plastics engineering and is now increasingly used for ceramics
fabrication. Many of the techniques developed for polymer, and especially
reinforced polymer, processing can be applied to ceramics forming.

Dispersive mixing of powders in a polymer blend by machines whose
configuration imposes high shear stress is the preferred mixing method.
There are three common machine types and each uses two principal moving
parts: two-roll mills, double-cam mixers and twin-screw extruders.

A wide range of injection moulding machines can be used for components
of small cross-section but the real challenge to ceramic injection moulding
technology is the ability to produce thick sections which will survive
solidification in the cavity and subsequent polymer removal without the
incidence of defects. Solutions to the former problem include techniques
for keeping the sprues and runners molten during the post injection stage
to allow extended mould filling and thus control shrinkage stresses during
solidification and cooling.

Available reports suggest that the wear of ceramic moulding machinery
tends to be localized and that specific machine parts require special
and often expensive materials. The complex screw does not necessarily
experience the most severe wear.

Numerous ingenious methods have been devised to remove the polymer
vehicle. In addition to thermal and oxidative degradation, these include
solvent washing, capillary extraction and evaporation or sublimation.
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While each method has its disadvantages, thermal degradation has been
the most frequently cited method. Weight loss—temperature control loops
on furnaces allow the polymer extraction time to be minimized. There
remains little quantitative understanding of the process; diffusivities of low
molecular weight components or degradation products in molten polymer
blends are largely uncharted. The mechanical strength of the powder
assembly and the extent of shrinkage which it undergoes during polymer
removal both influence the incidence of defects.

The problems presented by this technology impinge on many specialisms
within materials technology, engineering and chemistry and thus skills in
collaborative research planning have tended to yield the most significant
developments.
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