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Abstract

Ceramic rotors consisting of either 57 vol. % silicon
nitride or 65 vol. % silicon powders in a polypropylene
and wax vehicle were injection-moulded with oscillat-
ing hold pressure. At low pressure amplitudes,
moulding defects resulting from residual stresses were
detected by X-ray radiography. At high amplitudes,
defects were detected after a low-temperature heat
treatment. At intermediate amplitudes the compo-
nents were free from macroscopic defects prior to
polymer extraction.

Keramische Rotoren, bestehend aus 57 Vol.%
Siliziumnitrid oder 65 Vol.% Siliziumpulver in
Polypropylen und einem Wachsbindemittel, wurden
mit oszillierenden Haltedriicken spritzgegossen. Bei
niedrigen Druckamplituden wurden Gufdefekte,
hervorgerufen durch Restspannungen, mit ront-
genographischen Untersuchungen gefunden. Bei
hohen Druckamplituden konnten Defekte nach
Temperaturbehandlungen bei niedrigen Tempera-
turen festgestellt werden. Amplituden bei mittleren
Driicken fiihrten zu Bauteilen ohne makroskopische
Defekten vor der Polymerextraktion.

Des rotors en céramique constitués soit de 57%
volumiques de poudre de nitrure de silicium, soit de
65% volumiques de poudre de silicium dans un
véhicule de cire et de polypropyléne ont été moulés par
injection sous pression oscillante. A basse amplitude,
les défauts de moulage résultant des contraintes
résiduelles ont été détectés par radiographie de rayons
X. Pour de hautes amplitudes, les défauts ont été
détectés aprés un traitement thermique a basse
température. Les éléments soumis seulement a des
amplitudes intermédiaires ne présentaient pas de
défauts macroscopiques avant [lextraction du
polvmere.
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1 Introduction

The rapid development of technical ceramics for
heat engine applications has placed emphasis on the
mass production of ceramic components of complex
shape from fine particles. Provided the powder can
be incorporated in an organic vehicle, a range of
plastic-forming processes becomes available to
ceramic technology, among them extrusion,’ blow
moulding? and, most importantly, injection mould-
ing.3** There is therefore considerable scope for the
appropriate application of reinforced polymer
manufacturing techniques in ceramics fabrication.
The forming process must, in each case, be followed
by a polymer removal stage in which the organic
vehicle is extracted, generally by pyrolysis,* prior to
sintering the ceramic to near full density.

The initial operation is the dispersive mixing of
fine ceramic powder in a polymer blend. It has been
shown that intensive shear mixing in a laboratory
twin screw extruder™® is more effective in dispersing
agglomerates than other mixing methods’ and thus
twin-screw extrusion was used as the compounding
method in this work. On the basis of a study of the
rheology of ceramic suspensions,®-° a polypropylene
and wax blend was selected as the organic vehicle.

There is a tendency for moulded ceramic bodies,
especially those containing large sections, to contain
macroscopic internal defects arising from shrinkage
in the mould.!® These take the form of voids or
cracks and, in concentrated suspensions which have
higher rigidity and lower toughness than unfilled
polymers, take preference over plastic deformation
as a means of relieving residual stresses. Their effect
on the mechanical properties of the fired ceramic is
catastrophic. This problem has been alleviated in the
case of unfilled polymers either by using very high
static pressures'! to produce residual compressive
stresses in the centre of the mouldings or by using
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hot runner moulds'?'!3 to allow the applied pressure
to compensate for volume shrinkage. The former
technique demands very high machine pressures
and the latter requires a small gate which intro-
duces mould-filling problems with concentrated
suspensions.

An attractive solution is the introduction of
oscillating, rather than static, post-injection pressure
to the material in the cavity.!* This allows greater
control over solidification of the moulding.

Allan and Bevis!®>!'® have used this method to
produce defect-free, thick-section thermoplastic
mouldings. The method uses an oscillating pressure
device which can be fitted to a standard injection-
moulding machine as shown in Fig. 1. The technique.
causes pressure in the sprue to oscillate at a preset
frequency between pre-determined limits. The
oscillating pressure prolongs solidification of the
sprue and compensates for shrinkage in the moulded
part. More recently, short fibre reinforced thermo-
plastics have been moulded in this way.!” Prelimi-
nary work'® has shown that the technique is also
capable of reducing the incidence of defects in
technical ceramic mouldings, and the oscillating
valve has been redesigned to take account of the
severe abrasive wear encountered with ceramic
suspensions.'® In this respect the oscillating pressure
valve was modified to receive interchangeable and
rapidly replaceable piston and liner inserts. A
number of wear-resistant materials have been
investigated for this purpose.°

In the present work the technique was applied to
the moulding of a straight bladed rotor (Fig. 2)
which was used to simulate the problems of
moulding a gas turbine engine rotor or a turbo-
charger rotor without incurring the tooling costs of
profiled biades. Two ceramic powders with widely

|

pressure
transducer

Fig. 1. Schematic diagram of the oscillating pressure
equipment.

Fig. 2. The straight-bladed rotor used throughout this work.

different thermal properties were selected to show
the effect of different cooling rates on the moulding
operation. Furthermore, a composition which
included a silane coupling agent was included to
investigate the effect of viscosity, independent of
thermal property changes. Such coupling agents,
added in small amounts, are known to reduce the
viscosity of highly filled polymer—ceramic
suspensions.?!

2 Experimental Details
2.1 Materials

The particle size distribution of the vibratory-milled
silicon powder (Elkem Pilamec-milled; density
2300kgm ~3; specific surface area 57m?g™'; ir-
regular particle shape) suitable for the fabrication of

reaction-bonded silicon nitride is shown in Fig. 3.

Table 1. Composition of the sinterable silane-treated silicon
nitride powder

Constituent wt %
Silicon nitride 83-64
Y,0; 635
Al,0, 423
Si0, 4-68
PCIA silane coupling agent? 1-10

4 ex Union Carbide, UK.
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Fig. 3. Particle size distribution for (a) silicon, (b) silicon
nitride, (c) silicon nitride + sintering aids (after milling).

Silicon nitride powder (Anzon; density
3190 kg m ~3; specific surface area, before milling
11-6m2g~!, after milling 156m?g~!; irregular
particle shape) was also used after milling for 48 h
with sintering aids and a silane coupling agent
(Table 1). The particle size distribution of as-received
and milled silicon nitride are also shown in Fig. 3.

2.2 Compositions

The compositions of the injection moulding blends
are given in Table 2. The silicon mouldings
(formulation F3) contained 65 vol. % powder, a
loading which was preferred in previous work.”-8
The silicon nitride rotors contained 57 vol. %
powder (formulations F16 and F17), comparable
with the volume loadings of silicon nitride achieved
by others.?%:23

The organic vehicle contained polypropylene
(grade GY545M, ICI Ltd, Welwyn Garden City,
UK, density 905kgm ™% M, = 31850, M /M, = 8-9)
as the major binder, micro-crystalline wax (grade
1865Q, Astor Chemicals Ltd, West Drayton,

Table 2. Compositions of injection moulding blends

Composition Formulation number
(wt %)

F3 Fi6 Fi7
Si;N, — — 82-1
Si;Ng + silane — 832 —
Silicon 82-4 — —
Polypropylene 117 112 119
Wax 39 37 40
Stearic acid 2:0 19 20

Table 3. Compounding machine conditions

Screw diameter {mm) 40
Screw L/D ratio 17
Screw speed (rpm) 60

Barrel temperatures (°C) 220 (feed)-225-235-225 (nozzle)

Middlesex, UK, density 910kgm™3; M, = 300,
M_/M_ 7 1-5) as the minor binder and stearic acid
(grade 302 69 4Q, BDH Chemicals Ltd, Essex, UK;
density 941 kgm~?) as the processing aid.

2.3 Compounding

The ceramic powder, preheated to 160°C, and the
stearic acid were preblended in a Henschel mixer at
3000 rpm for 2 min. After cooling to room tempera-
ture polypropylene and wax were added and mixing
continued for a further 2 min. The preblends were
then compounded using a laboratory co-rotating
intermeshing twin-screw extruder (model TS40 DV-
L, Betol Machinery, Luton, UK). Details of the
machine conditions are given in Table 3.

2.4 Injection moulding

A Bone Cravens Daniels 350-120 injection moulding
machine was used and the operating conditions for
the three formulations are given in Table 4 together
with the oscillating hold pressure conditions.

The mouldings were contact-radiographed in
order to detect moulding defects using a Hewlett
Packard Faxitron X-ray system, operating at 5S0kV
and 3mA with an exposure time of 30 min.

Some rotors were subjected to a post-moulding
heat treatment in which the temperature was
increased at a rate of 5°Ch ™! to 120°C and held at
120°C for th. This temperature is approximately
35°C below the softening point of the suspension.!®

Table 4. Injection-moulding machine conditions and oscillating
pressure unit settings

Screw diameter {mm) 45
Screw L/D ratio 18
Screw speed (rpm) 45

Barrel temperature profile (°C) 160 (feed)}-225-230-

230-225 (nozzle)

Oscillating pressure

Compress time (s) 05
Relax time (s) 05
Compress pressure (MPa) 52-139
Relax pressure (MPa) 52

Background pressure (MPa) 30
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3 Results and Discussion

3.1 Oscillating pressure duration

Figure 4 shows the central region of a silicon nitride
rotor moulding (F17) fabricated with a static hold
pressure of 152 MPa held for 200s. Cracks appeared
in thick sections of the hub of such mouldings
rendering them scrap.

A series of silicon nitride mouldings (F17) were
prepared with an oscillating hold pressure of
frequency 1Hz and amplitude varying from 52
to 122 MPa. The pressure modulation commenced
shortly after the injection-stage cavity pressure of
152 MPa had been reached.

Figure 5 is the pressure-time trace for such a
moulding with a set pressure amplitude of 87 MPa.
The trace shows the initial cavity pressure of
152 MPa, followed by a modulated pressure region
of amplitude approximately 87 MPa, and a fall in
pressure to point C, which was taken to be the time
at which the bulk of the moulding had solidified.
Thereafter, the cavity pressure transducer continued
to register the pressure oscillations mainly because
of its position directly opposite the sprue.
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Fig. 5. Pressure-time trace for a silicon nitride moulding (F17)
made with a set pressure amplitude of 87 MPa.

Fig. 4. Central region of a silicon nitride
rotor moulding (F17) made with a static
pressure of 152 MPa.

A series of mouldings were then made with the
oscillating hold pressure interrupted at points A to E
(Fig. 5) and the mouldings were allowed to cool in
the cavity for the remaining time up to 200s.

Radiographs of rotor mouldings interrupted at
points A to E clearly showed that mouldings A and
B contained macroscopic cracks in the thick hub and
were scrap. However, the rotors for which the
modulated pressure was continued to point C and
beyond were free of these macroscopic defects.

These results suggest that in order to avoid
residual stress cracking, the modulated hold pres-
sure should be continued at least up to the position
on the cavity pressure-time trace corresponding to
point C on Fig. 5 and that this probably corresponds
to the solidification of the sprue. It is not known
whether the sprue remains partially molten under
the influence of oscillating pressure beyond point C,
because the transducer may be capable of sensing
pressure through the solidified material. In sub-
sequent work therefore, the oscillating hold pressure
duration was adjusted to exceed the solidification
time by 8-25s.

3.2 Oscillating pressure amplitude

Table S gives details of silicon nitride mouldings
made with formulation F17 with a mould tempera-
ture of 40°C and with the pressure amplitude varied
between 52 and 122 MPa. Figure 6 shows that the
solidification time increases monotonically with
pressure amplitude. On initial inspection therefore,
it appears that the oscillating pressure device
allowed considerable extension of solidification time
and hence control over residual stress. However, to
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Table 5. Details of mouldings made from silicon nitride formulation F17 with a mould temperature of 40°C

Pressure Solidification Modulated X-Ray radiography Number
amplitude time pressure -— : of
(MPa) (s) duration As-moulded Heat-treated mouldings
(s)
52 38 50 Cracks e 3
70 64 75 Cracks - 2
87 100 120 No defects No defects 3
104 115 125 No defects No defects 2
122 115 125 No defects Cracks 1
122 115 125 No defects a 1

? Component was not heat-treated but cracked after storage for 5 months.

achieve this, it is essential that the device is capable
of applying high pressures, and wear of the piston
may prevent this.!® At amplitudes of 70 MPa and
below, the mouldings contained cracks in the hub
comparable with those observed in static pressure
mouldings. At amplitudes of 87 MPa and above the
rotors were free of cracks in the as-moulded state.
Thus for a given cavity, mould temperature and
moulding composition, there is likely to be a lower
limit of modulated pressure amplitude above which
defective mouldings are avoided.

These highly-filled polymers tend to have very low
mechanical strength, typically in the region of
12-15MPa in flexure,*! and the possibility of time-
dependent failure under the influence of residual
stresses cannot be ruled out. In particular, the
process of polymer removal by pyrolysis involves a
slow reheating of the moulded components to a
temperature of 200-500°C. The early stage of
reheating is effectively an accelerated stress-rupture
test and cracks generated at this stage are unaccept-
able. All the moulded rotors were therefore sub-
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Fig. 6. Dependence of solidification time on pressure ampli-
tude for silicon nitride formulation F17 with mould temperature
40°C.

jected to reheating at a rate of 5°Ch~! to 120°C
followed by slow cooling. They were then re-
examined by radiography. In the case of formulation
F17, Table 5 shows that, of the components made
with a pressure amplitude of 122 MPa, one devel-
oped cracks on reheating which were not present
after moulding and another cracked on storage for 5
months. In the latter case the cracking was enhanced
by heating to 120°C. When the cracking on storage
was first observed the defect-free mouldings were all
re-examined by radiography and found to be sound.
The significance of the stress-rupture phenomenon
1s discussed below. The results in Table 5 suggest
that there is an upper limit for pressure amplitude
above which the component contains residual
stresses insufficient to cause cracking after cooling to
room temperature, but capable of generating time-
dependent failure either during storage or during an
accelerated test by reheating.

A similar series of experiments were performed
with silicon nitride formulation F16 which differed
from F17in that it contained a silane coupling agent,
which reduced the viscosity of the fluid from 942 Pa s
to 546 Pa s at 225°C and had a shear rate of 108s ™!
The use of such coupling agents in silicon-based
ceramic moulding compositions has been shown to
have several advantages.”! Table 6 shows the results
of moulding trials using F16 at a mould temperature
of 50°C. The pattern of results was broadly similar to
that for F17. At a pressure amplitude of 70 MPa and
below, cracks appeared in the as-moulded compo-
nent. There followed a wide range of pressure up to
122 MPa where the components did not show failure
after slow reheating to 120°C. At an amplitude of
139 MPa cracks were observed after reheating.
Unfortunately only one sample was available for
this test but the similarity with the behaviour of F17
suggests consistency with the trend.

The displacement of the dependence of solidifica-
tion time on pressure amplitude for F16 (Fig. 7) is
partly caused by the higher mould temperature and
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Table 6. Details of mouldings made from silicon nitride formulation F16 with a mould temperature of 50°C

Pressure Solidification Modulated X-Ray radiography Number
amplitude time pressure of
(MPa) (s) duration As-moulded Heat-treated mouldings
(s)
70 40 48 Cracks — 1
87 68 79 No defects No defects 2
104 83 93 No defects No defects 1
122 115 128 No defects No defects 1
139 165 170 No defects Cracks 1

Table 7. Details of mouldings made from silicon formulation F3 with a mould temperature of 40°C

Pressure Solidification Modulated X-Ray radiography Number
amplitude time pressure of
(MPa) (s) duration As-moulded Heat-treated mouldings
(s)
52 11 25 Cracks — 2
70 15 40 Cracks — 2
87 20 45 Cracks — 2
104 33 45 Cracks — 2
122 40 53 No defects No defects 2
139 50 60 No defects No defects 3

partly by the difference in properties of the
formulation caused by silane addition.

The influence of pressure amplitude on the
solidification time and on the incidence of cracking
revealed by radiography for the silicon powder
formulation F3 is shown in Table 7. In this case,
because of the different thermal properties of the
composition, the solidification times were very short
and were less influenced by pressure amplitude
(Fig. 8). Nevertheless the trend was the same as that
observed for the silicon nitride formulations with
cracks in the as-moulded rotors appearing at
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Fig. 7. Dependence of solidification time on pressure ampli-
tude for silicon nitride formulation F16 with mould temperature
50°C.

pressure amplitudes below 104 MPa but absent
above 122MPa. This means that for the silicon
composition, much higher pressures are needed to
avoid defective components, although it may be that
elevated mould temperature may compensate for
higher pressures to an extent.

Mouldings of both F17 and F16 made under the
optimum conditions of 50°C mould temperature
and 87 MPa pressure amplitude as described above
were free from macroscopic defects after heat
treatment and 23 mouldings of F17 were therefore
prepared for subsequent polymer removal and
sintering.
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Fig. 8. Dependence of solidification time on pressure ampli-
tude for silicon formulation F3 with mould temperature 40°C.
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Table 8. Comparison of thermal properties of silicon and silicon nitride formulations

Silicon Silicon Polypropylene

nitride
Volume fraction 0-57 0-65 —
Thermal conductivity (Wm™ 'K ™) 17-224 1082° 01228
Specific heat J kg ' K1) 71023 70227 192328
Density of composite (kg m ™ 3)° 2198 1812 —
Specific heat of composite (J kg ! K™ 1)4 1232 1129 —
Thermal conductivity of composite (Wm™* K™ 1)? 43 303 —
Thermal diffusivity of composite x 10”7 (m? s~ 1) 16 148 —

4 Rule of Mixtures used.

» Hashin and Shtrikman?2? bounds used, i.e. (upper bound + lower bound),2.

3.3 Influence of rheology

Figure 9 shows typical pressure—time traces for
rotors made from silicon nitride formulations F17
and F16 with a mould temperature of 50°C and a
pressure amplitude of 87 MPa and all other mould-
ing conditions identical. The difference between
these formulations is the addition of a silane
coupling agent to F16. The thermal diffusivity of
both blends is likely to be very similar. The difference
in solidification time under oscillating pressure
conditions is therefore thought to be associated with
the absorption of mechanical energy in the sprue.
This is likely to be influenced by a number of
properties, notably the viscosity and the variation of
viscosity with pressure. The viscosity at constant
shear rate (108 s ') and 225°C was reduced by 42%
due to the presence of the coupling agent, indicating
that the difference in rheological properties is likely
to be responsible for the differing abilities of these
formulations to absorb mechanical energy under
identical moulding conditions.

3.4 Influence of thermal properties on solidification

The influence of thermal properties of ceramic
suspensions on solidification in the mould is well
illustrated by comparing the pressure-time traces
for silicon nitride formulation F17 and silicon
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Fig. 9. Pressure-time traces for silicon nitride formulations
F17 and F16 with pressure amplitude 87 MPa and mould
temperature 50°C.

formulation F3 under identical moulding conditions
with a mould temperature of 40°C and a pressure
amplitude of 87 MPa (Fig. 10). The polymer blend
was made up from components in the same weight
ratio in both formulations but the silicon nitride
formulation contained 57 vol. % powder and the
silicon formulation 65 vol. %. The differences in
thermal properties are a consequence of both the
filler loading and the different thermal properties of
each filler**~2?® as shown in Table 8. In this table,
the thermal conductivity of silicon nitride-poly-
propylene and silicon-polypropylene composites
were estimated using the equations of Hashin and
Shtrikman.?® Their equations for upper and lower
bounds were used to calculate the average of the
upper and lower bound for thermal conductivity at
the relevant volume loadings.
Upper bound

K=K + Ve
o 1 v,
—
(K,-K,)) 3K,
Lower bound
V
K=K +—r°*—
P 1 + v,
(K-K,) 3K,
150 F3
-
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=
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z 2
z & 50
[*%
0 0 v r
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Fig. 10. Pressure-time traces for silicon nitride formulation
F17 and silicon formulation F3 with pressure amplitude 87 MPa
and mould temperature 40°C.
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where

V. = volume fraction of the ceramic
V, = volume fraction of the polymer
K, = thermal conductivity of the ceramic
K, = thermal conductivity of the polymer

Such relationships have recently been reviewed by
Hale*° and most other equations are only valid for
dilute suspensions. More recent equations by
Nielsen®! to model thermal conductivity for
particle-filled two-phase systems have not been
experimentally validated for high filler levels used in
the present research.

The experimental determination of thermal
conductivities was beyond the scope of the present
work and in the absence of other structural
information apart from volume fractions, Hashin
and Shtrikman bounds are the most appropriate
methods of estimation.3® Nevertheless, in situations
where component thermal conductivities are appre-
ciably different, the bounds are widely separated,
and actual experimental values are in the central
region between bounds,*° thus justifying the adop-
tion of the average value of upper and lower bounds
for estimating the thermal conductivity of the
composites used in the present work.

The values in Table 8 show how the thermal
diffusivity of the composite is dominated by the
properties of the ceramic powder. The short
solidification time for the silicon moulding is thus a
consequence of the rapid heat loss to the mould
competing with heat input from the centre of the
sprue as energy is absorbed. At present it is not
possible to quantify the energy input, but using a
standard non-steady state graphical heat transfer
analysis®? it is possible to use the diffusivity data to
calculate the solidification time for an infinitely long
cylinder of radius r simulating the sprue. This gives
the time at which the centre of a sprue of known
dimensions reaches the softening point of the
formulation (150°C) after injection at 225°C into a
mould at 40°C, and this is plotted in Fig. 11. This
shows that the solidification time for the silicon
composition is always considerably shorter than
that for the silicon nitride mixture, and this is
commensurate with the solidification time under
oscillating pressure deduced from Fig. 10, where the
solidification time for silicon nitride was approxi-
mately five times that of silicon. This has important
implications for the moulding of high conductivity
powders at high loadings, such as the practice of
injection moulding powder metallurgy components
of large sections. High mould temperatures and
pressure amplitudes would be needed.

80
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Fig. 11. Time for solidification of the centre of sprue of radius

r after injection at 225°C into a mould at 40°C for (a) 57 vol. %

silicon nitride-polypropylene, (b) 65 vol.% silicon—polyprop-

ylene. A surface heat-transfer coefficient of 1000 Wm™ 2K ™!
was used in calculating solidification times.

3.5 Stress rupture during storage and reheating

An interesting feature of ceramic injection moulded
components is that because they have low mechan-
ical strength, typically 12 MPa,?! they are subject to
time-dependent failure during reheating or storage
under the influence of residual stresses. It is known
that stress-rupture lifetimes are strongly influenced
by the melt flow index®? and this is clearly
unfavourable for a moulding vehicle where lower
molecular weight polymers are desirable to enhance
fluidity. The stress-rupture lifetime is also strongly
temperature dependent at temperatures up to
100°C.?* Stress-relaxation becomes significant at
temperatures above 120°C,*° and therefore the
reheating schedule for polymer removal from
injection moulded ceramic bodies must take account
of several processes as the temperature is raised. At
low temperatures < 100°C, the reheating process is
effectively an accelerated stress-rupture test, in
which residual stresses may initiate failure in an
otherwise macro defect-free moulding. At higher
temperatures, stress-relaxation mechanisms operate
and are liable to cause deformation if significant
residual stress levels are present. At temperatures
approaching 200°C and beyond, degradation of the
polymer blend may commence. Thus in order to
remove the polymer by pyrolysis it is necessary to
traverse these lower temperature regions where
residual stresses may render scrap mouldings which
in the as-moulded state were free from macroscopic
defects.
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4 Conclusions

A method of controlling residual stresses in large
injection-moulded bodies by employing an oscillat-
ing hold pressure to prolong sprue solidification has
been successfully applied to ceramic suspensions
containing either 57 vol.% silicon nitride or 65 vol.%
silicon powder. Solidification time increased mono-
tonically with pressure amplitude, but the correla-
tion took a different form for different composi-
tions and mould temperatures. Below a critical
pressure amplitude the thick section of moulded
parts contained defects, probably resulting from
residual stresses generated during non-uniform
cooling. The critical amplitude was found to be
different for each formulation and at present can
only be inferred by experiment.

The addition of a silane coupling agent enhanced
fluidity without altering thermal diffusivity and this
resulted in quite different solidification times under
oscillating pressure conditions, indicating that the
absorption of energy was influenced by rheological
properties. The thermal diffusivity of the suspen-
sions had a dramatic effect on solidification time and
was influenced largely by the thermal properties of
the powder as well as its volume fraction.

Some mouldings which were free from defects
after moulding had a tendency to crack on storage or
reheating. This is thought to be a stress-rupture
effect under the influence of residual stresses. It was
noted in components moulded with a high pressure
amplitude.
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