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Abstract

A furnace within a pressure vessel capable of with-
standing 0-1 MPa and temperatures up to 600°C is
described. The furnace ailows the pyrolysis of injec-
tion moulded ceramics to take place at higher heat-
ing rates than is possibie at atmospheric pressure
without defects caused by bloating or cracking. The
effectiveness of the method is described for a com-
mercial injection-moulding composition pyrolysed in
nitrogen. The various effects of gas pressure on the
process are listed and the main beneficial effect is
considered to be the increase in boiling point of the
polymer-degradation product solution which forms
the continuous phase. In the early stages of heat
treatment, this allows more rapid mass transport

both by diffusion and fluid flow.

1 Introduction

Many techniques drawn from polymer processing
have been successfully applied to ceramic suspen-
sions in order to facilitate the arrangement of
particles into complex shapes before firing.! The
most versatile of these is injection moulding, but
they all have the disadvantage that organic matter
initially filling the interstitial space must be
removed before firing. This presents particular
problems for thick sections made by injection
moulding.

Capillary? and solvent® methods have been used
for binder removal but the most popular method
is pyrolysis either in an oxidative atmosphere,* an
unreactive atmosphere® or in vacuo.® Frequently
mouldings are packed in a powder bed during
heat treatment and loss of molten organic vehicle
is assisted by partitioning between the two powder
assemblies. During pyrolysis, three weight loss
processes can be identified, dependent on ambient
atmosphere and molecular weight of the organic
vehicle.” For low molecular weight material, evap-
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oration proceeds without chain scission and the
thermogravimetric characteristics are little affected
by atmosphere. For high molecular weight organic
vehicles, chain scission must precede evaporation
and this can occur either by oxidative degrada-
tion, in which case it is likely to be affected by the
diffusion of oxygen into the body,® or by thermal
degradation, in which case it will occur uniformly
throughout the body if the degradation reaction is
irreversible.

Under oxidising atmospheres the former reac-
tion predominates, although under conditions of
prolonged heating, such as those needed for
binder removal from thick sections, thermal
degradation will proceed to some extent in all
cases. Thermal degradation therefore deserves pri-
ority of attention because low molecular weight
products of decomposition are formed throughout
the body at a stage when interconnected porosity
is absent.

A manufacturer often wishes to minimise the
debinding time in order to reduce the number of
stationary semi-finished products. Low-tempera-
ture furnace costs are modest and debinding times
often compare favourably with raw material bulk
storage times so that the debinding stage does not
incur such a prohibitive debit as is sometimes
claimed. The main benefit of shortening this stage
accrues if the lead time for new products can be
reduced. Another advantage of enhancing the de-
binding stage is that larger sections may be suc-
cessfully treated in sensible time scales.

Several strategies are available under this objec-
tive. The organic vehicle can be selected to decom-
pose steadily as temperature rises.>'® The process
can be controlled by an external loop so that
weight loss is a linear function of temperature.!!
The organic vehicle can be synthesised to have the
combined properties needed to prevent the boiling
of degradation products in solution.’? Pressure
can be applied to the decomposing system.!* This
work explores the latter intervention.
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Fig. 1. Diagram of the pressure vessel and furnace.

2 Experimental Details

2.1 Furnace design

The pressure vessel was manufactured from
carbon-manganese steel to the specifications of
BS1500, which has recently been superseded by
BS5500.'* Its internal dimensions were 435 mm di-
ameter X 600 mm in height. This allows a large
furnace to be incorporated or alternatively a series
of small furnaces. The present work was carried
out with a 150 mm diameter X 200 mm furnace
wound from 80/20 Ni/Cr wire on a silica glass
tube. Figure 1 shows the vessel and furnace dia-
grammatically. The top, wall and base were water-
cooled by independent circuits incorporating flow
indicators. Wall temperature was monitored by
three series-connected thermal switches (opening
at 40°C) which latched a relay controlling electric
power to the furnace. Oxygen-free nitrogen was
used in all the experiments. A preset Nabic spring-
operated safety valve was fitted to prevent the
rated working pressure of 1-05 MPa being
exceeded. Gas throughput was controlled by a
needle valve venting through a flow meter into an
oil indicator. Electric leadthroughs were made
through 20 mm thick discs of cloth-reinforced
phenol-formaldehyde resin (Tufnol, Birmingham,
UK) clamped with O-ring seals. The internal and

external surfaces of the vessel were treated with
a two-part organic-resistant epoxy-based paint
(Trimite, Uxbridge, UK). The general arrange-
ment of the furnace vessel and its ancillary circuits
are shown in Fig. 2.

A Eurotherm 818P temperature controller was
used to provide linear heating rates and the con-
troller thermocouple, mounted on the outside of
the windings, was calibrated dynamically against
the hot zone thermocouple at three gas pressures,
0-1, 0:6 and 1-0 MPa, and for each sample con-
tainer. The procedure for filling the vessel in-
volved evacuation to about 2-5 kPa followed by
filling with oxygen-free nitrogen. A gas flow of
10 m3 s! was maintained during experiments and
the internal pipework allowed the gas to enter at
the base of the furnace tube. Although the oxygen
content of the nitrogen was not measured directly,
the furnace was heated to 600°C with copper pow-
der and the weight changes indicated that negligi-
ble oxidation had taken place. Significant polymer
oxidation may therefore also be assumed to be ab-
sent.

2.2 Materials and mouldings

The ceramic powder was a proprietary silica
(<200 wm) having a density of 2200 kgm™, used
for leachable foundry cores for nickel alloy tur-
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Fig. 2. The pressure vessel showing the arrangement of
valving and coolant.

bine blades. The organic vehicle was a proprietory
blend based on a low molecular weight polyethy-
lene glycol diluted with waxes and a stearate as a
processing aid and had a density of 1110 kgm™,
Ashing showed a 22-1% weight loss indicative of a
powder loading of 64 vol.%. Injection moulding of
17 mm diameter cylinders, 100 mm in length was
performed at Fairey Tecramics Ltd using a Florin
injection-moulding machine with a maximum bar-
rel temperature of 60°C and a maximum injection
pressure on material of 52MPa. The cylinders
were contact radiographed before pyrolysis using
a Hewlett Packard Faxitron camera. A Perkin
Elmer TMA dilatometer with a flat-ended silica
rod and a 10 g load was used to determine the
dilatometric softening point of the suspension.
Thermogravimetry was performed on a Perkin
Elmer (Beaconsfield, Bucks, UK) model TGS2.

2.3 Pyrolysis

Three methods of sample support were used.
Some samples were placed on a refractory tile
with a dusting of coarse alumina (Grade LG20,
Alcan Chemicals, UK). Others were fully packed
in this alumina powder, either in a steel trough or
a ceramic crucible. In the third series of experi-
ments, samples were packed in coarse SiC powder
(Grade C6, Besco Abrasives Ltd, Surrey, UK).

Tests were done at gas pressures of 0-1, 0-6 and
1-0 MPa. After heat treatment, the samples were
lightly sintered to facilitate handling, by heating
to 1150°C, holding for 4 h and furnace cooling.
They were then examined externally, radiographed
and cut across the central lateral cross-section to
establish integrity. On certain samples, measure-
ments of the horizontal and vertical diameters
were taken at the centre of the bar, to find the
ovality. Positive ovality (the difference between
the horizontal diameter and the vertical diameter)
was taken as an indication of the degree of slump-
ing which had occurred. Linear heating from 70°C
to 500°C was used throughout, with a ramp of
60°C h™' from 20°C to 70°C and from 500°C to
room temperature.

3 Results and Discussion

Although it is routine practice to carry out a
steady-state furnace calibration, what is required
here is a dynamic calibration because the integrity
of samples is assessed in terms of a critical heating
rate. The hot zone temperature initially lags be-
hind the set temperature but the hot zone rate in-
creases as temperature rises, producing families of
calibration curves such as that shown in Fig. 3.

At the low heating rates typical of thermolytic
debinding at atmospheric pressure, the rates coin-
cide over the range of temperatures of interest.
The high rates of heating that are possible under
overpressure conditions, however, may lead to
substantial deviations. The choice of temperature
at which to deduce the actual rate is fixed by the
initial region of rapid thermal degradation and
may be deduced from appropriate thermogravi-
metric curves. Since the thermogravimetric loss
behaviour varies with heating rate, the problem is
to decide at which temperature to convert set rate to
actual rate. The procedure used here was to select
the temperature at which an arbitrary 20wt% loss
based on the initial weight of binder had occurred.
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powder LG20 alumina in stainless steel trough.) The dashed
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Fig. 4. Thermogravimetric curve for the organic vehicle
heated in nitrogen at 300°C h™' (dashed line) and calculated
curves for other heating rates labelled on the curves in °Ch™.

From the thermogravimetric loss curve at a rate
of 300°C h! the activation energy E and specific
rate constant K, were obtained by the method of
Wendlandt.!> This makes the assumption that the
weight loss is a first order reaction and therefore
neglects the effect of evaporation of low molecular
weight additives which are lost by zero order
kinetics. It does not attempt to assess the loss of
fluid by partitioning into the porous powder support.
The reaction is therefore treated as obeying

dw

i Kw (D
where w is the weight fraction of binder remaining
and K is the rate constant which varies with tem-
perature as

K =K, exp (;—f—) (2)

Once K, and E are known, the thermogravimetric
loss curve can be constructed for any heating rate
Z using
RT? exp (—E/RT)

ZE

w = exp {—Ko

€)
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Figure 4 shows the experimental thermogravimet-
ric curve at a rate of 300°C h™l, together with the
curve recalculated using eqn (3). This method in-
evitably results in some error because the activa-
tion energy plot is linear over a restricted range of
temperature; in this case 212° to 276°C.

The corresponding curves for other heating
rates are also shown. This is an approximate way
of executing the rate calibration and the errors are
most pronounced at high set rates. Both set and
calculated heating rates are quoted for overpres-
sure experiments in Tables 1—3.

“The bars were radiographed to ensure that they
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Fig. 5. Prints of radiographs of moulded bars before heat
treatment.

were free from shrinkage voids or cracks caused
by the injection-moulding processes which might
interfere with the assessment of critical heating
rate. In general the bars were free from such de-
fects and examples of prints of radiographs are
shown in Fig. 5.

In the first series of experiments, the samples
were supported on a refractory tile with a thin
layer of alumina powder. The results are sum-
marised in Table 1. This identifies three factors
influencing the quality of moulding after binder
removal. The effect of heating rate is seen by com-
paring samples heated at set rates of 5°C h™' and
15°C h!, showing that the critical heating rate at
atmospheric pressure lies between these tempera-
tures. The sample heated at a set rate of 5°C h is
shown in Fig. 6. Samples heated at a set rate of
40°C h! under 0-6 MPa pressure, although defec-
tive in cross-section, were only marginally worse
than the sample heated at 15°C h™' under 0'1
MPa, indicating that overpressure has a beneficial
effect. Samples heated at set rates of 100 and
200°C h! showed severe deformation due to

Table. 1. Integrity of mouldings heat treated on a tile, un-

supported by powder
Heating rate Pressure Results
°Ch! (MPa)
Set Actual
5 5 01 No surface cracks, no visible
defects in cross-section
15 13 01 No surface cracks, signs of slight

internal cracking

Some surface cracks, signs of
internal cracking

Some surface cracks, signs of
internal cracking

Extensive surface cracks and
parallel cracks in section,
extensive slumping

Extensive surface cracks and
parallel cracks in section,
extensive slumping

20 18 0-6
40 35 0-6
100 83 0-6

200 180 0-6
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Fig. 6. Sample heated on a tile at a set rate of 5°C h™! at
atmospheric pressure.

slumping and the cracks in the cross-section were
perpendicular to the direction of deformation.
This highlights the sample support as a relevant
variable; an issue that does not arise at lower
heating rates (Fig. 6). It follows that the interac-
tion of the supporting medium with the compo-
nent during pyrolysis must also be assessed.
Figure 7 shows the outer appearance and cross-
sections of the sample heated at 200°C h™' on the
refractory tile. Although the rate is well above
critical for this condition, much of the damage is
associated with the deformation. The extent of
sagging is measured by ovality and plotted as a
function of heating rate in Fig. 8 for samples rest-
ing on a shallow bed of powder (curve A) and for
samples fully embedded in powder (curve B). For
heating rates which could be used at atmospheric
pressure, slumping does not occur. This is because
the deformation of moulded ceramics is sensitive
to ceramic volume loading and when sufficient

.————*
10mm

Fig. 7. Slumping caused by inadequate support during
heating at a set rate of 200°C h™! at 0-6 MPa.
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Fig. 8. The effect of sample support on deformation due to
slumping. A: Samples resting on shallow powder bed. B:
Samples packed inside powder bed.

binder has been displaced, the suspension acquires
quasi-solid properties.'!® Under circumstances
where an overpressure permits the use of higher
heating rates, the thermogravimetric weight loss
curve is displaced to higher temperatures.!” The
organic phase then has lower viscosity and, due to
differential thermal expansion, occupies a higher
volume fraction, so that flow is enhanced. Thus,
when overpressure is employed, extra precautions
are needed for component support.

The second series of experiments was therefore
carried out with samples embedded in the alumina
powder. As well as supporting the component, the
powder bed may also contribute to safe debinding
by capillary extraction when the organic vehicle is
based on a low molecular weight system.'®!® The
amount of binder extracted in the molten state
isothermally at 130°C after heating for 3 h and 19
h in the alumina powder was 21% and 69% re-
spectively. A sample heated on an alumina tile for
the same periods lost 1-4% and 6-1% respectively.
Thus the alumina powder is effective in removing
some of the organic vehicle by capillary extrac-
tion. However, the 19 h heat treatment consider-
ably exceeds the time for which the binder was
molten during pyrolysis under overpressure, which
was typically less than 3 h at 0-6 MPa.

Figure 8 shows that shape was retained over the
range of heating rates explored when a powder
bed was used and this is reflected in the pattern of
defects. Figure 9 shows a bar heated at a set rate
of 200°C h™! and 0-6 MPa, which should be com-
pared with Fig. 7. The slumping is absent and the
cracks are no longer unidirectional.

The results for samples embedded in alumina
(Table 2) suggest that at 0-1 MPa the critical heat-
ing rate is not greatly increased by the presence of
the powder bed. In the sample heated at a set rate
of 100°C h™! the effect of boiling of low molecular
weight organic compounds in solution in the main
polymer is clearly seen as bloating (Fig. 10). At
this pressure the boiling occurs at a temperature
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Fig. 9. Defects in a bar supported in an alumina powder bed
and heated at a set rate of 200°C h™' under 0-6 MPa.

where the suspension is fluid because little binder
has been expelled; an effect resulting from the
high heating rate. In subsequent work at higher
pressures and similar heating rates the defects take
the form of cracks because their initiation has
been deferred to higher temperatures by the sup-
pression of boiling and by that stage more binder
has gone and the ceramic volume fraction is con-
sequently higher.

At 0-6 MPa, the critical heating set rate is in the
region 80-100°C h!. Figure 11, for example,
shows the surface and sections of a bar heated at
80°C h!, which is of good quality. The use of a
pressure of 1:0 MPa gave a sample free from in-

Table 2. Integrity of moulding heat treated in an alumina

powder bed
Heating rate Pressure Results
°Ch™ (MPa)
Set  Actual
20 18 01 Outer surface defect-free, slight
internal cracking at centre
40 30 01 As above
100 70 0-1 Severe surface cracking, internal
bloating

15 14 0-6
40 32 0-6
60 44 0-6
80 60 0-6
100 70 0-6

Free from macro-defects

Free from macro-defects

Free from macro-defects

Free from macro-defects

Slight surface cracking, slight
internal cracking

Slight cracking, internal cracks

Surface cracking, internal
cracking

150 100 0-6
200 130 0-6

100 63 1-0 No internal cracks, surface cracks
due to loss of powder

125 75 1-0 Surface defect-free, very slight
central cracks

150 95 1-0 Surface very slightly cracked,
internal cracks

200 125 1-0 Surface cracks, internal cracks

10mm

Fig. 10. Surface and sections of a bar heated at a set rate of

100°C h™! under 0-1 MPa while supported in a powder bed.

Defects at the centre take the form of bubbles resulting from

boiling because at this heating rate the suspension retains
fluidity.

ternal defects at a set rate of 100°C h™! (actual rate
63°C h'). This sample showed slight surface
cracks on the top surface associated with loss
of setter powder. Exposed surfaces generally pre-
sented this problem. The loss was caused by
admitting nitrogen to the vessel at too high a
rate. The use of 1MPa overpressure did not give
an improvement over the critical rate achieved at
0-6MPa. Three reasons why the full benefit of
overpressure may not be obtained in practice are
discussed later.

The pressures used here do not present severe
laboratory safety problems provided normal pre-
cautions are taken. The construction of the appa-
ratus involved very modest capital expenditure.

20mm

10mm

Fig. 11. Surface and sections of a bar heated at a set rate of
80°C h™! under 0-6 MPa.
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These factors imply that the widespread use of
overpressure debinding is relatively unimpeded.

In order to understand the role of overpressure
in a non-oxidising environment, one may enumer-
ate the individual effects it may have on the sys-
tem as follows:

(1) Increase in the boiling point of low molecular
weight constituents of the organic vehicle
and of the solution of degradation products
(as solute) in molten polymer (as solvent)

(2) Decrease in diffusion coefficient of degrada-
tion product in solution caused by reduc-
tion in polymer free volume.?

(3) Closure of pre-existing defects when the
organic vehicle is molten.

(4) Increase in vapour pressure of volatile species.

(5) Dissolution of arnbient gas in the molten
polymer.

(6) Increase in convective heat transfer in the
furnace.

(7) Influence on gaseous diffusion of degrada-
tion products in the porous region.

(8) Changes in the distribution of degradation
products.

(9) Changes in miscibility of organic liquid
mixtures.

These effects are assessed individually else-
where?! and arguments are presented to suggest
that the first contribution is overriding. Thermal
degradation, which occurs throughout a moulding,
liberates low molecular weight products of decom-
position which dissolve in the parent polymer.
When the vapour pressure over this solution at
any point reaches ambience, boiling occurs. The
resulting defects may take the form of round
‘voids’ characteristic of boiling in a liquid and
examples are shown in Fig. 10 in a sample heated
at 100°C h! at atmospheric pressure. If, however,
some polymer has already been lost, and hence
ceramic volume fraction has risen, the suspension
behaves as a solid,'® even though continuous
porosity has not yet formed. Defects then take the
form of a crack. When the external pressure is
raised, the boiling point is elevated and the system
can reach higher temperatures without defects
occurring. Mass transport processes which are
thermally activated are then enhanced.

The critical stage in thermolytic debinding oc-
curs in the early stages of degradation where most
pores are filled. The suppression of boiling en-
hances the diffusion coefficient for degradation
products migrating in solution in the continuous
phase both by raising the temperature and by al-
lowing a higher diffusant concentration to prevail.
In free volume theory, both effects conspire to
have a pronounced influence on diffusion.?

Table 3. Integrity of samples heated in a coarse SiC powder

bed
Heating rate  Pressure Results
°Ch! (MPa)

Set Actual

20 16 0-6 } { Very slight internal cracking

40 30 0-6 Outer surface defect free
150 102 06 Some internal cracks
200 135 0-6 Many internal cracks
400 a 0-6 Surface and internal cracks, no

slumping.

¢ Qutside the range of calibration.

Secondly, by allowing the polymer to reach a
higher temperature, viscosity is reduced and capil-
lary flow into the surrounding powder is speeded
up.'® It is beyond the scope of this work to quan-
tify the competition between these two transport
processes but an indication of their relative impor-
tance can be found by using a powder which
supports the sample against slumping but has
negligible ability to extract the organic vehicle by
capillary flow.

This comparison is shown in the third series of
experiments in which coarse silicon carbide pow-
der was used as the setter powder. In partitioning
experiments, the amount of binder based on the
initial weight in the sample after 3 h and 19 h in
the SiC setter powder was identical, to within 1%,
to the loss experienced by companion samples
heated at 130°C on a tile.

Table 3 shows the result of experiments with the
silicon carbide setter. The critical heating rate at
0-6 MPa is lower than that obtained in the alu-
mina powder, indicating that capillary extraction
is a significant transport path in the alumina setter
powder. At 0-6 MPa the extent of damage in sam-
ples supported in silicon carbide powder was less
than that seen in samples which were unsupported
or heated without overpressure for comparable
heating rates.

Three reasons can be discerned for the failure to
obtain the full potential benefit of overpressure. In
the first place, the use of a powder bed reduces the
effective surface mass transport coefficient for
gaseous products leaving the body because of the
static boundary layer provided by the powder. If
support is mandatory, as implied by the results in
Fig. 8, it will tend to provide a resistance to
gaseous transport away from the surface of
mouldings. A second reason is that where liquid
capillary flow is a significant transport path, the
capillary pressure falls with an increase in temper-
ature due to the reduction of the surface energy of
polymers with increasing temperature.' These fac-
tors may explain why the high values of critical
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heating rate found with the alumina setter at 0-6
MPa were not further enhanced at 1 MPa.

A third reason why the full benefit of overpres-
sure may not be achieved in practice arises from
the problem of pressure transmission to the core
of a moulding throughout the decomposition re-
gion. Before the open porosity stage is reached,
shrinkage of the core as polymer is lost must be
accompanied either by collapse of the shell or by
diffusion of nitrogen to the centre. Collapse of the
outer shell may be impeded if the peripheral ce-
ramic weight fraction rises towards V,,, the
weight fraction at which viscosity approaches in-
finity,'® and this is likely to occur at an early stage
and to be associated with the shrinkage due to
binder removal. Pressure transmission may thus
rely upon diffusion of dissolved gas in the contin-
uous phase.

Closely related to the problem of pressure trans-
mission is the possibility that elevated ambient
pressure applied to mouldings in the molten state
will cause defects to collapse. This possibility was
investigated empirically for similar bars moulded
with low injection pressure which contained injec-
tion-moulding voids.

Two such test bars, measuring 10 mm X 10 mm
X 75 mm, were radiographed to confirm the pres-
ence of voids. They were then heated to 80°C in
the pressure furnace under atmospheric pressure.
The softening point of the material was deter-
mined by thermomechanical analysis to be 51°C.
When that temperature had been attained, the
pressure was increased as rapidly as possible to 1
MPa, and held while the samples were cooled.
They were radiographed again, but showed no
difference in the internal voids. It is possible that
nitrogen had diffused through the material to fill
the pores in the time it was being admitted to the
vessel, as filling the chamber took about 90s, or
that the applied pressure was insufficient to cause
the necessary deformation.

Samples of the same material were heated to
130°C inside the pressure vessel and the gas pres-
sure was raised to 1 MPa. They were then cooled
to room temperature under pressure and, upon re-
moval, promptly placed in a glass-fronted oven at
130°C. Very slight surface bloating could be de-
tected on reheating, which did not appear on sam-
ples reheated without overpressure treatment, in-
dicating the presence of dissolved gas in the
continuous phase.

4 Conclusions

The use of modest overpressure (0—1 MPa) signi-
ficantly increased the critical rate of heating of

commercial injection-moulded ceramics. The main
benefit is considered to result from an increase in
boiling point of the binder components and their
degradation products in solution. This means that
higher temperatures can be reached before boiling
in the continuous phase occurs. At higher temper-
atures, mass transport by diffusion through the
continuous phase and liquid flow into a surround-
ing powder are both enhanced.

When the higher heating rates made possible by
overpressure are used, the sample must be sup-
ported against slumping, a requirement that does
not prevail at low rates of heating for the samples
tested here.
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