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Abstract

lmection moulded — 1est bars — made  usmg — an
alununa-polypropylene suspension were pyrolysed i
arr at S Ch™' Twa types of test bars, with 50 and
S7 0ol o alununa, were mvestigated. Mereary poiost

metry has been used to momtor the development of
surface and mterconnected porosity m the test bars
durmg the mitial stages of pyrolysis when approvi

mately 30wt o of orgamce velucle was 1emoved Pores
detected have been grouped wito three size ranges.
Changes m the pore size distribution, winel are shown
to affect the four pomt bend strength of the pyrolysed
test bars, have been explamed m terms of various
phenomena that take place durmg the removal of
orgame vehicle  Resnlts veveal that the volume of
porosity detected s el less than the e xpected total
porositr Shemhage and redistribution of organie
vehiele durmg pyrolysis arve the major reasons for ths.
Therefore, durmg the mitial stages of pyrolysis lack of
sufficient surface and mterconnected porosiny could
hunder the diffuston of degradation prodicts of the
organice tefucele and this 1s probably a major reason for
the creation of defects me artefacts contaning ek
sectons

Sprizgufiteststabe, hergestellt aus emer Alninnmn
ovvd-Polypropylen-Suspension, wurden - Luft bei
v Cht pyrolysiert Zwei Typen von Teststaben
mit S md  S7 Vol e dlimunninnosyd  wurden
untersucht  Die Entwicklung  der Oberflachen-und
Folwmenporosttat der Teststabe walrend des An-
fungsstadunns der Pyrolyse, wenn etwa 30 Gew Yo
des organischen Trdgers entfernt waren, wurde nit
Hilfe der Quecksilber- Porosimetrie bestimmt.  Die
gefundenen  Poren wurden m dret Groflenklassen
wmertedlt Anderungen i der Porengrofenverteiung,
die die Vierpunktbiegefestigkert der pyrolysierten
Stabe beeinflussen, konnten durch die verschiedenen
Prozesse erklart werden, die wahrend des Entfernens
des orgamschen Tragers stattfinden Die Ergebmsse
sergen, daff das gemessene Porenvolumen wesenthch

15

germger st aly die vernmtete  Gesamitporositut
Deshalb kann walrend des  Anfangsstadunny  der
Prrolyse em Mangel an Oberflachen und Volnen
porosttat die Diffusion der Reak onsprodukte des
orgamischen Tragers belundern, was wahrsehemhel
der Haupterund fun das Entstelhen von Defekten i
Produk ten nit groflem Querschmtt st

On a Ctudié la pyrolyse sous awr a S°Ch™" de barres
moulées par nyection g partr d'une  suspension
d'alunmme et de propyléne Ona e xanime deus types de
barres, e contenant S vol "o d'alunune, autre
Yol Po. L'étohuion de ta surface et de la porosidé
ouverte dans ces barres a ¢te suie par porosumétrie
ai wmercenre, cect durant les prenners stades de lu
prrolvse, lorsque environ 30 pond * o du nulien de
SUSPCHSION o1gamqite ardit ¢t¢ Slmmeé On a pu
grouper les pores détectés en trows catégories de talles
Lévolution de la distribution de (aille des pores, dont
on montre qu'elle joue sur la résistance en quatre
powmts des barres pyrolysées, dépend de différents
phenomiénes qui se produtsent lovs de 'élimmation du
miliew orgamque de suspension Les résultats montr-
ent que la porosité détectée est trés miférienre a la
porosite totale prévie Cect est attritbue essentielle-
ment au rétrécissemient of d la redistribution di nilien
orgamquie lors de la pyrolyse. dmst, une surface ot une
porosie outerte trop fables semblent empecher la
diffuston des produits de la degradation du milien
organique durant les prenners stades de la pyrolyse;
cecr eapligue  crasemblablement fa formaton  de
dofants dans certams échantillons épais.

I Introduction

Many novel plastic formimg methods, such as
injection moulding,' vacuum formung’ and blow
moulding® are currently being developed for the
[abrication of engineering ceramic artefacts. How
ever, all these suffer from the fact that the organic
vehicle used to enable shaping ol the ceramic powder
has to be subsequently removed, mainly by slow
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pyrolysis, before sintering the ceraumic. Removal of
organic vehicle frequently disrupts the arrungement
ol ceramic powder particles, especially in thick
(- 10mm)sections,*” and the resulting defects are a
major problem in plastic forming operations.”’

Practical organic vehicles contain several compo-
nents' and their removal during pyrolysis ivolves
degradation and evaporation.®? Chain scission
oceurs i high molecular weight polymers such as
polypropylene and the resulting degradation pro
ducts diffuse to the surface of the moulding and
evaporate The presence ol oxygen causes oxidative
degradation in the surface regions, in addition to
thermal degradation in the core of the mouldings
Theretore, under these conditions, preferential loss
ol organic vehicle could occur in the surface
regions 'Y In addition to these reactions, low
molecular weight constituents, such us waxes, added
as How maodifiers and processing aids, diffuse Lo the
surface and evaporale

Two theoretical mechanisms by which the re
moval of the organic vehicle takes place, creating
porosity, have been identified """ The first occurs
when the organic vehicle front recedes into the
ceramic body whilst remaining a continuous phase.
Therefore, porosity lorms from the surluce inwards
as a continuous outer layer. The second mechanism
involves the formation ol porosity throughout the
body as low molecular weight constituents and
degradation products of the orgunic vehicle diffuse
(o the surface. This causes redistribution of the
organic vehicle In practice, a combination of both
mechanisms can be expected to occur. However, 1n
anoxidising atmosphere, where prelerential removal
of the organic vehicle could occur 1in the surface
regions of the moulding, the Arst mechamsm could

be expected to dominate during the early stages of

pyrolysis A combination of mechanisms one and
two could also result 1in the presence of inter
connected pores between the surface and iterior
regions ol the ceramic body.

Gaseous diffusion ol degradation products across
a pore is several orders ol magnitude faster
compared to diffusion in the bulk polymer '’ In fact,
Matar ¢ral '* have shown theoretically, with a single
organic vehicle which degrades to monomer only,
that 1f the first and second mechanisms operate
separately, the critical heating rate of pyrolysis 1s
increased by a factor of 2 and 27, respectively,
compared with the situation where no porosity
prevails. The presence of interconnected porosity
throughout the moulding will further enhance
diffusion and allow the use ol laster heating rates
during pyrolysis without creating delects such as
bubbles in the ceramic body due to the excessive
vapour pressure ol degradation products.'*

Porosity development 1s most helpful for mass

transler during the initial stages ol heating when the
viscosity ol the organic vehicle is high and the
diffusion coefficients ol organic vehicle degradation
products are low In a previous communication*” it
has been shown, using polassium permanganale
infiltration of pyrolysed test bars, that surface and
interconnected porosity forms during the early
stages ol removal of the organic vehicle However, u
quantitative assessment of this porosity was nol
reported The purpose of the present investigation 1s
to quantitatively assess porosity development
during the imitial stages ol pyrolysis when approxi-
mately 30wt"s of the organic vehicle 1s removed.

2 Experimen(al Delails

2.1 Preparation of ceramic suspensions

Two formulations A and B containing 50 and
57 vol %o of A16.SG alumina (Alcoa Manufacturing
(GB) Ltd, Worcester, UK), respectively, were
prepared using an sotactic polypropylene based
organic vehicle. Microcrystalline wax and stearic
acild were the other constituents ol the organic
vehicle, The particle size distribution and a scanning,
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Fig. 1. (2) Particle size distribution and (b) shape ol the ceramic
powder used
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Table 1. Derails of cach constituent in the binder system

Comtitient Source Density
them ™)
Isotactie 1¢1 Lid 90y

polypropvlene Welwyn Garden Ciy, UK

prade GYS45M

Microcrystalhine way Astor Chemeals Lid, 910
prade 18650) Weat Dravion UK
Stearne acid RDH Chenneals Lid 9|

Dapgenham UK

Table 2. Compounding conditions

Screw diameter (mm) 40

Serew length dimeter ratio 17
Screw apeed (rpm) 6l

Barrel iemperatunes € 2200 225-235-228

Feed 1o enl

electron micrograph of the batch of ceramic powder
used are given in Fig [a) and (b) Details of each
constituent ol the organic vehicle are given in Table
[ The polypropylene, microcrystalline wax and
stearie acid were mixed in the weight ratio 621
Preblends of each formulation (2 kg) were prepared
by tumbling m a container for S mun. The preblends
were compounded na twin screw extruder (Model
TS540. Betol Machinery, Luton, UK) according to
the conditions given in Tuble 2 The extrudates were
dried and granulated and four samples of each
formulation wete heated to 600 C' (ashing) to venly
the volume of ceramie powder present.

2.2 Injection moulding

Granules of each formulation were used as leed
stock Tor mjection moulding Tenstle test bars Yimm
thick (Fig. ) were produced from both formulations
using g 6GVSO Sandretto reciprocaling screw
mection moulding machine according to the con
diions given m Table 3 The test bars were X ray
radiographed belore pytolysis to check for the
presence ol voirds and cracks

2.3 Pyrolysis

Test bars were heated in a muffle furnace in static air
aecordmg to a pre-determmed temperature ramp
that does not produce voirds or cracks i the
mouldings. The imttial heating rate was 50 Ch™ " up
to 148 C (a lew degrees below the dilatometrie
soltening point of the formulations) followed by

soakig Tor 24 h al this temperature Subsequently,
Fracture Point

- l

_p[A]

—_—

lem
Fig. 2. Dimensions of as moulded test bar, indicating samples
used for loss on enition experiments and porosimelry

Table 3. Injection moulding conditions

Injection pressure (MPa) 127

Barrel iemperatures ( ) 195 210=225-235
Feed (o nozele

Mould temperature ( C) S0

heating was contmued at 5 Ch ' Test bars were

heated to 155 170, 180, 195, 210, 225 and 240 €
before cooling in the furnace Lo room lemperature
Thiee test burs were pyrolysed to each temperature
and were used tocarry out the experiments described
i Section 24 n nipheate Test bars were X ray
tadiographed after pyrolvsis to confirm the absence
ol vords and cracks Each test bar was weighed
before and alter pyrolysis

2.4 Testing

241 Stength

Test bars pyrolysed to each final temperature (see
Section 2% were subjected o four point bend
festing using an Instron muachine with a load cell of
kN Testing was carried oul at room temperature
(23 4+ 2 () Acrosshead speed ol [0mmmin ™ 'and a
load span ol 63mm were used Samples A and P
rom each fractured test bar (Fig. 2) were used n
ashing and porosimetry experiments described n
the lollowing sections

242 Loss oncigrition

Sample A of each test bar was heated to 600 C to
determime the weight ol organic vehicle removed al
each temperature investigated This would verily the
loss of orpanic vehicle detected from the weighing of
test bars

243 Porosimetry

Porosity was measured in (wo stages In bhoth
instances sample P was the maximum size that could
be tested in the porosimeters used. Firstly, the
volume fraction and size distribution of pores with a
tadius - 7500 nm were measured using a Macropore
Ulnit 120 (Carlo Erba, Milan, Ttaly). The sample was
placed i a vial which was connected to a capillary
The vial was evacuated for about [0min and
mercury was drpped slowly into 1t through the
capillary up 1o an indicated level Subsequently, air
was pradually allowed mto the vial and mercury,
now under pressure, was forced mto the pores in the
sample  Eventually, atmospheric pressure was
reached and the change in height ol the mercury in
the cupillary was recorded.

Higher pressutes are needed to measure the
volume fraction and size distribution of pores with a
tadius + 7500nm and for this purpose the viul
contaming the sample and mercury was translerred
to the autoclave of a computer controlled Poros
meter 2000 (Carlo Erba, Milan. Ttaly) The com
puterised system applied pressure to the mercury up
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to 200 MPa (upper himit of this unit), intruding itinto
the pores of the sample Subsequently, pressure was
released, causing mercury to extrude and thereby
measuring hysteresis effects The intruded volume of
mercury was used by the computer to calculate the
volume fraction ol pores and the pore-size distri-
bution using a ¢ylindrical model.

Both stages of porosily meusurement were also
repeated without a sample to correct for the mercury
being subjected to compression during the testing.

3 Results and Discussion

3.1 Formulations

Ashing results showed that formulations A and B
contained 81- 24 +005) and 85 17( 0 14) wt% of
ceramic powder, respectively. Assunung that the
constituents ol the organic vehicle were in the same
proportion as blended, this 1s equivalent to 49 7 and
§6:7vol "o of ceramic i formulations A and B,
respectively

3.2 Weight loss
Figure 3 shows the weight loss of organic vehicle in
formulations A and B us pyrolysis proceeds.
Weighing ol test bars and loss on ignition results
produce almost 1dentical weight loss curves In
[ormulaton A, which contains a higher itial
amountoforganic vehicle, there 1s o marked increase
in weight loss at approximately 2{0°C. In com-
parison, lormulation B loses weight more gradually
over the pyrolysis temperature range investigated
Two reasons can be attributed to this behaviour.
Firstly, in the oxidutive pyrolysis atmosphere
used, the surfuce regions of the test bars could be
expected o lose a larger amount of organic vehicle,
i comparison with the core region, as discussed
earlter However, 1t has recently been shown'® by
molecular weight determinations and foss on
ignition results ol surface and core samples of
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Fig. 3. Weight loss from flest bars of lormulations A (+,

weighing; X, ashing) and B (ll, weighing, A, ashing) during,

pyrolysis

pyrolysed test bars that there is appreciable redistri-
bution of organic vehicle during the initial stages of
heating In particular, migration of microcrystalline
wax rom the core to the surfuce regions occurs
during the early stages ol pyrolysis and this 1s more
predominant in formulation A.'® Capillary migr-
ation of low molecular weight constituents ol the
organic vehicle in tape castings and injection
mouldings has also been confirmed by optical
microscopy.' 17 Secondly, since formulation B
contains a higher volume fraction of ceramic, this
can catalyse the degradation of the organic vehicle'®
giving rise to a higher rate of weight loss at lower
temperatures.

3.3 Porosity development

Several methods are available for the characters-
ation ol porosity 1n powder compacts and these
have been reviewed recently by German.'® Mercury
porosimetry 1s one of these methods and has been
used [requently n assessing the pore sizes and
pore-size distributions 1in both as formed and
partially sintered ceramic bodies (e.g. Refs 20-23) [t
1s a very useful technique for obtaining a compara-
tive quantitative analysis,'™ as in this mvestigation,
but a ¢ylindrical pore shape 1s assumed throughout.

Porosity determination using the Macropore Unil
showed that pores having a radius - 7500 nm were
not present 1 any ol the pyrolysed test bars.

Investigations using the Porosimeter 2000 resul
ted in penetration volume versus applied pressure
graphs (as shown in Fig. 4) Up to point A pores
having radit of down to 100nm are filled. As more
pressure 18 applied, a further small increase n
penelration volume results (region AB in Fig. 4)
when pores down to 1000 nm are Alled with mercury.
The smallest pores (radiu down to 3nm) are filled
when the pressure is increased further from about 10
to 200MPa (region BC) The intrusion—-extrusion
cyele does not close on release of pressure and some
metcury 1s always entrapped in the sample.

It 1y possible that pores with a radius < 3nm are
present but similar previous work on removal of
organic vehicle lrom tape castings has shown that
the characteristic pore s1ize 1s in the range
70-90 nm."" 1t 1s also useful to compare the himit of
3nm with the smallest hole in the pore architecture
ol the particle assembly in the ceramic body. For
close-packed uniform size ceramic spheres ol radius
r this value (p) 1s O-155¢.*% In the present situation,
the exact pore size cannol be determined, mainly
because the ceramic powder used 15 neither mono-
disperse nor spherical (Fig. 1(a) and (b)). Also, the
condition of ideal close packing does not apply to
commercial powders, such as the A16 alumina used
in this investigation, 1n most fabricution processes.
However, even in the ideal situation described,
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Fig. 4. Examples of penctration volume vs applied pressure

cuives ol pyrolysed test bars ol (a) Formulanion A, (b)

Formulitiion B The temiperature 1o which test bars were heated
e indicated mthe heares

considering the varation ol particle size from 10 to
02pm (Fig 1)), the range for pas from 775 to
[6nm, much larger than ¥nm

Macro-delect free as-moulded test bars are not
expected to show any porosity and this is consistent
with the processing, as injection of molten suspen-
ston nto a cavity under high pressure 1s expected to
be pore-free’” und, indeed, previous work'” on the
mnfiltration of potassium permanganalte into mould-
mgs confirmed this Also. heating to the sollening
pomt of the suspenston 1s largely (o rehieve residual
stresses caused by myection moulding’® and 18
carried out under fast heating rates,” " usually with a
neghigible weight loss In the present investigation,
heating to a few degrees below the soltening point of
[48 ' resulted 1in weight losses of only 06 and
052wt an formulations A and B, respectively. and
this is neghigible compared (o the loss ol organic
vehicle at the temperatures investigated (Fig 3)
Therelore, heating to the soltening point ol the test
bars s not expected to show any detectable porosity
and i this investigation only mouldings heated (o
above the soltenmg point were used for porosimetry

It has been stated that the volume fraction of
potosity, ' cat any stage during pyrolysis 1s given
hv.l N

Fo=(I =1l =N
1" 1s the mitial volume fraction of ceramic and /s
the weight fraction of the remainder organic vehicle
Thus, the expected total porosity as organic vehicle
15 removed in formulations A and B are shown in
Fig 5(a) and (b), respectively. The experimentally
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Fig. 5. Volume ol porosity delected as a funchion ol organic
vehicle removed in (2) formutation A (b)) lormulaton B —
Expected total porosity, «, measured porosity

observed porosity from mercury porosimetry resulls
are also shown in these figures. These results clearly
show that the experimentally observed porosities are
much less than the values expected during the imitial
stages ol pyrolysis investigated Cleurly, the experi-
mental observations include only surluce and
interconnected porosity  However, as discussed
earlier, 118 this type ol porosity that 1s most eflective
i accelerating the diffusion of the degradation
products of the orgamc vehicle,

There are two major reasons for this type ol
porosity to be almost 1/3 ol the expected total
porosity. Firstly, shrinkage occurs during pyrolysis
and ceramie particles i the suspension move
towards each other, increasing 1. *® This means that
removal ol organic vehicle does not directly result in
an equal volume of porosity Secondly, the migra
tion of microcrystalline wax from the core of the
mouldings to the surface regions, as discussed
earlier, would result i the reduction ol inter-
connected porosity At 4 lower intial volume
Iraction of ceramic (formulation A) the shrinkage 18
greater,’® and the redistribution of organic vehicle
oceurs over o wider lemperature range,'® and
therefore the difference in expected and observed
porosities will be larger, compared with formulation
B, as shown mn Figs Sa) and (b). In formulation B,
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after about 18wt of organic vehicle 1s removed,
porosity does increase, to lower the difference
between expected and observed values (Fig S(b)).
Previous work*® has shown that shrinkage due to
removal ol organic vehicle can decrease and reuch a
limiting value during the early stages ol pyrolysis
and this would happen earhier in formulation B in
which the higher volume fraction of ceramic results
in more efficient particle packing This, and the fact
that migration of microcrystalline wax was less
pronounced in formulation B,'” explains the more
rapid increase in porosity after about 18wty of
organic vehicle 1s removed. A simnlar increase (n
observed porosity in [ormulation A could be
expected later on during pyrolysis when shrinkage 1s
expected to decrease, but as this suspension contains

o lower ceranue content (50 vol®s), at the rate of

heating used, this event probably occurs after the
maximum loss ol organic vehicle mvestigated
(approximately 30 wt"o) in the present work

The pore size distributions present in the samples
tested were analysed by classifying the pores formed
into thiee size ranges:

7500-1000 nm:
1OO0-100 nm:
100 3nm:

Large pores
Intermediate pores
Small pores

These size ranges were identified because they seem
to demarcate the three regions of mercury trusion
(Frg. 4) discussed in Section 3.3 Previous classific-
ations in other types ol nvestigations are nol
suttable for the present work. For example, the
classification ol pores according to therr equivalent
radi was proposed by Dubinin.** However, magro-
pores were considered to huve an equivalent radius

~100-200nm and therelore this classification 1s
unsuttable for this work. Zheng & Reed?” working
on sintermg of powder compacts classified porosity
presentas a lunction of average particle diameter («/)
ol the ceramic powder used The size of fine
micropores and macropores were considered to be
di2and o 10d respectuively Takimg dasO-8 gm lor
the powder used m this investigation (Fig. 1(a)) the
size ol fine mictopores and macropores would be
< 400nm and - BOOOnm, respectively Therefore,
once again this classification 1s unsuitable for the
present work.

As shown in Fig. 6, 1in formulation A, at 155(',

- 90% ol the porosity 1s in the - 00 nm S1ze range
Therelore, the onset ol oxidative degradation at the
surface and the resulting weight loss from a
neghgible amount at the softening pomt to ~ 10% at
IS5 Cresults in the creation of small pores. A higher
fraction of large and intermediate size pores are
created as weight loss increases. This has also
resulted in a decrease in the bend strength of the test
bars Between 170 and [80"C there 18 only a small

increase in the percentage ol large pores and this 1s
because there is no significant change in the weight
ol organic vehiele removed 1n this formulation
(Fig %)

At 195 C there 15 a bigger increase 1n the
percentage of large pores present at the expense ol a
compensating decrease o mtermediate pores. The
authors’ previous work '® has shown that migration
of microcrystalline wax in the organic vehicle to the
surface regions ol the mouldings 1s most significant
at this temperature for this formulation The well
known Young & Laplace equation*! indicates that
the suction pressure of a pore is inversely propor-
tional (o 1ts radius Thus ‘Auid’ (in this case
microcrystalline wax) could be sucked rom the large
pores into the intermediate size pores. According to
the work of Shaw,** which describes the distribution
of ligquids ' porous bodies, minimisation of free
energy requires Auid to eventually Gll the smallest
potes in the body without distributing homo-
geneously However, Shaw's work *? 1s valid for the
distribution ol liguids i porous bodies under
equihibrium conditions and, therefore, under a
dynamic situation such as in the present mvestig
ation, this may not be possible, as capitlary low has
o overcome the viscous forces 1n the molten
suspension and the crease o ceramic particle
packing due to shrinkage. Duning the early stages ol
pyrolysis, lower temperatures result in a high melt
viscosity which 1s known*' 1o retard capillary
migration

Overall, between 180 and 210"C there 1s no
significant change in the pore size distribution and
therefore the bend strength remains virtually
unchanged. Figure 6(a) also indicates o substantial
decrease in the percentage of large pores in the
temperature ranpe 210-240 C. In this temperature
range the percentage ol small pores increases. Figure
3 shows that at approximately 2107 C oss ol organic
vehicle shows u rapid increase. Molecular weight
determinations carried oul on the suspension
mdicate'® that at about 225 C extensive degrad
ation of the polypropylene, which is the major
constituent 1 the organic vehicle, occurs in the
surface tegions of the mouldings. This could be
expecled to produce a flurry of small pores and the
degradation products, which are transported by
diffusion 1 the liquid phase," could also fll the
large pores This substanual deciease in the percen-
tage ol large pores causes the bend strength to
increase shightly (Fig 6(a))

The changes in pore size distribution in the
pyrolysed test bars ol formulation B (Fig. 6(b)) show
a similar trend to that of formulation A (Fig. 6(a)).
However, u lew differences are noticeable and these
are now discussed. At 155 C, a higher fraction of
intermediate size pores are present, although > 80%
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are Ane pores This is despite the lact that at 155 €
this Tormulation shows a lower weight loss How
ever, formulation B has a higher volume lraction of
ceramic and the expected shrinkage due to removal
ol organic vehicle 1s therelore smaller compared to
that of formulation A *® Therefore. uny reduction ol
porosity due to shrinkage s less significant n
formulation B and as a consequence larger pores can
be expected

Compared with formulation A, a higher percen
tage ol large pores are present m formulation B at
[70 C Migration of microcrystalline wax from the
core (o the surface regions oceurs al a lower
temperatute (~ 170°C) n this formulation'® and,
therefore, Tor reasons similar to those described for
[ormulation A, this helps the formation ol large
pores i addition to those created due (o the increase
in weight loss. However, subsequent loss of organic
vehicle, the rate of which is greater in formulation B
compared with formulation A, causes un increase in
the pereentage of firstly intermediate size and
subsequently fine pores In fact. this could well be
due to the evaporation of the microcrystalline wax

which migrated [tom large pores to intermediate size
pores by capillary action at 170°C In the tempera
ture range 210-240'C, the onset ol extensive
degradation of polypropylene present in the surface
regions of the mouldings causes an increase in the
percentage of small pores present, as in formulation
A

The major changes i pore size distribution
during pyrolysis of these two lormulations are
stmilar and causes an almost identical variation
bend strength (Fig 6(a) and (b)) This type of
ceramie-polymer formulation has a typical Hexure
strength in the region ol 12-15MPa* and compact
sttengths of up to 14 MPa are possible during
removal of orgame vehicle ' The nutial drop in
bend stiength (rom about 20 MPa to about 100 MPa
takes place between 155 and 170 C due to o marked
increase n large pores Therealter, an appreclable
percentage of large pores (200 30%0) are present
both formulations up to about 210" C and the bend
stiength s virtually unchanged (about ~ 10 MPa)
The subsequent shight nciease in bend strength
measured at 225 Cand 240 € s probably due to the
substantial decrease in the fraction of large poresn
both tonmulations as Aurries of small pores appear
due (o the onset of extensive degradation ol the
polypropylene i the surtace regrons of the mould
mngs as explamed carlier

4 Conclusions

The volume of surface and mterconnected porosity
developed during the mitial stages of pyrolysis ol
injection moulded test bars 1s sigmificantly less
than the total volume ol porosity expected. In the
present vestigation, where a polypropylene-micro
crystalline wax-stearic acid organie vehicle was used
i a formulation contamimg S0vol Yo ol alumimna,
porosimetry has shown that the first 30 of weight
loss resulted in only Svol % ol surface and
mterconnected porosity, which s only about 113 of
the total porosity expected from theoreticul caleul
ations Shrinkage, which causes further packing of
ceramic particles, and redistribution of the organic
velicle, in particular migration of the low melting
point microcrvstallime wax to the surface regions of
the mouldings, during the mitial stages ol pyrolysis
are two major reasons for this effect The lack ol
interconnected porosity duning the inttial stages ol
heating when diffusion coefficients are low would
hinder the movement ol degradation products of the
organic vehicle and explaims why this stage in the
manulacture of thick section ceramic components
using plastic lorming operations frequently suffers
from the creation of strength initing delects

[t 1s also shown that the volume of porosity
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detected and changes in the pore size distribution
during the initial stages ol pyrolysis were not
significantly dependent on the mitial volume (rac-
tion of ceramuc 1in the suspension. In general, the
onset of oxidative degradation when heated above
the softening point of the suspensions causes the
formation of small pores. Larger pores appear with
subsequent weight loss and this s also helped by the
capillary migration of microcrystalline wax. The
degrudation of the major constituent 1n the organic
vehicle, polypropylene, in the surface regions of the
test bars in the temperature range 210-240"C creates
a fAurry of small pores and results in o marked
decrease in the percentage of large pores. The major
changes of the pore size distribution are accom-
panied by variations in the bend strength of the test
burs
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