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Abstract 1 Introduction 

Alumina suspensions, containing 50 and 57 vol.% 
ceramic in isotactic polypropylene and micro- 
crystalline wax, were prepared by high shear 
mixing and injection moulded. The test bars 
produced were heated ,!n air at 5°C h-’ to four 
d@erent temperatures in the range 1.55-225°C 
and up to about 25 wt% of organic vehicle was 
removed. Shrinkage in the bars was measured 
after cooling to room temperature. The d@erence 
in the coeficient of thermal expansion of the 
suspension during heating and cooling, the changes 
in the crystallinity of the polypropylene and 
wax compared with the as-moulded state and 
the mobility of the ceramic particles due to removal 
of the organic vehicle are contributory factors 
to the measured shrinka,ge. The anticipated dimen- 
sional changes due to the first two factors have 
been determined expermtentally and thereby the 
change in particle packing in the inner regions 
(core) of the test bars due to the mobility of the 
ceramic in the suspens#ion have been calculated. 
Results show that in both suspensions heating to 
just above the softening point caused appreciable 
particle packing. Subsequently, particle packing 
decreases substantially and the reasons for this 
are discussed, taking into account thermal expansion 
of the organic vehicle, 8capillary migration of the 
microcrystalline wax, loss of organic vehicle and 
development of porosity. Comparison of results 
with previous investigations show that particle 
packing is afSected by the rate of heating and 
the atmosphere used during pyrolysis. Particle 
packing, during pyrolysis, in the more concentrated 
suspension (57 vol.% ceramic) was, as expected, 
smaller, except at 225”C, when the core of each 
test bar containing this formulation showed a 
steep increase in weight loss. Otherwise, both 
formulations show similar trends in particle 
packing during the initial stages of the removal 
of organic vehicle. 

A commercially attractive method of producing 
large numbers of dimensionally accurate com- 
plex shap engineering ceramic components is 
plastic forming ceramic suspensions containing an 
organic vehicle. 1,2 However, full-scale industrial 
exploitation of plastic-forming methods (e.g. injec- 
tion moulding, vacuum forming, blow moulding, 
film blowing) has not been possible, due to diffi- 
culties in removing the organic vehicle from the 
ceramic prior to sintering, without creating de- 
fects. 

The organic vehicle can be removed by using 
solvents or, more frequently, by slow pyrolysis.3 A 
decade ago successful use of the latter method was 
thought to involve mainly careful control of the 
rate of heating as a function of weight 10~s.~ How- 
ever, as plastic-forming methods were used in- 
creasingly to produce components with larger sec- 
tion sizes (>lO mm), it became clear that several 
factors determined the outcome of the crucial py- 
rolysis stage. These have been reviewed recently’ 
and the major factors are: 

(1) 

(2) 
(3) 
(4) 

(9 

The rate of heating and the atmosphere in 
which pyrolysis is carried out. 
Characteristics of the organic vehicle. 
Characteristics of the ceramic. 
A balance between degradation of the 
organic vehicle and the outward diffusion of 
the resulting products. 
Formation of porosity. 

One important phenomenon that occurs during 
the removal of organic vehicle by pyrolysis but 
has not been investigated extensively is the move- 
ment of the ceramic particles. It is known that, at 
the end of the organic vehicle removal stage, 
shrinkage and an increase in particle packing are 
observed.6 Ceramic particles can be drawn to- 
wards each other under the influence of capillary 
forces which arise from the curvature of inter-par- 
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title surface menisci or of internal porosity formed 
during pyrolysis, much like in the initial stages of 
liquid-phase sintering.7 However, during the initial 
stages of pyrolysis the liquid organic vehicle ex- 
pands8T9 and it is suggested’ that this can result in 
the development of hydraulic pressures in the sus- 
pension with the ceramic particles forming a rigid 
network preventing further packing. Thermal ex- 
pansion coefficients of ceramic suspensions can be 
measured in the liquid and the solid state,” indi- 
cating that particles are mobile and therefore the 
hypothesis that they form a rigid network lacks 
experimental evidence. 

It is well known that packing of ceramic parti- 
cles depends on their characteristics,” in particu- 
lar their shape. l2 In the case of spherical powders, 
particle centres approach each other and porosity 
decreases due to the increase in packing. However, 
most commercial ceramic powders are non-spheri- 
cal and their motion to enhance packing requires 
both the approach of particle centres and particle 
rotation. Removal of the organic vehicle from 
inter-particle spaces in the suspension can give rise 
to the former type of movement but the latter 
could be difficult in a suspension having high vis- 
cosity, especially during the initial stages (low 
temperatures) of pyrolysis. Another factor which 
could retard rotation of the particles is the pres- 
ence of immobile layers of adsorbed organic vehi- 
cle on the ceramic surfaces.13 

The measured shrinkage after heating to vari- 
ous temperatures and subsequent cooling to room 
temperature during pyrolysis of the organic vehi- 
cle does not fully correspond to the particle pack- 
ing that has taken place. Firstly, compared to the 
heating cycle, the suspension contains a different 
amount of organic vehicle during cooling to room 
temperature and this can result in a difference in 
the coefficient of thermal expansion, causing a di- 
mensional change that has to be taken into ac- 
count. Secondly, the crystalline polymeric compo- 
nents in the organic vehicle, such as isotactic 
polypropylene and microcrystalline wax in the 
present work, can have different percentage crys- 
tallinities dependent on thermal history and pro- 
cessing14T15 and this causes dimensional change. 
Therefore, the associated dimensional change due 
to the difference in crystallinity of the relevant 
constituents in the organic vehicle after heating to 
various temperatures during pyrolysis and subse- 
quent cooling to room temperature has to be esti- 
mated. 

Previous investigations i6*17 led to a quantitative 
assessment of the development of porosity (during 
the initial stages of pyrolysis in air) in injection- 
moulded test bars containing 50 and 57 vol.% alu- 
mina, suspensions made using an organic vehicle in 

which isotactic polypropylene and microcrystalline 
wax were the major and minor constituents, re- 
spectively. In the present work, identical ceramic 
suspensions and test bars are used and pyrolysis 
has been interrupted at four different temperatures 
to measure shrinkage after cooling to room tem- 
perature. The corresponding dimensional changes 
due to thermal expansion coefficient and crys- 
tallinity already discussed have been calculated 
from experimental results. Thereby the measured 
shrinkage has been corrected to calculate the 
vol.% shrinkage caused by the packing of ceramic 
particles during the initial stages of pyrolysis when 
up to 25 wt% organic vehicle is removed. 

2 Experimental details 

2.1 Production of test bars 
Two formulations A and B containing 50 and 57 
vol.%, respectively, of A16.SG alumina (Alcoa 
Manufacturing (GB) Ltd, Worcester, UK) were 
prepared using an organic vehicle containing iso- 
tactic polypropylene (density 905 kg mm3), micro- 
crystalline wax (density 910 kg me3) and stearic 
acid in the weight ratio 6 : 2 : 1. Further details of 
the ceramic powder and each constituent in the 
organic vehicle have been published earlier.17 

Preblends of formulations A and B were pre- 
pared by tumbling the formulations in a container 
and then compounding in a twin screw extruder 
(Model TS40, Betol Machinery, Luton, Bedford- 
shire, UK). Compounding conditions of these for- 
mulations have been published previously.” The 
extrudate was dried and granulated, and the ce- 
ramic loading was verified by ashing samples (by 
heating to 600°C). 

A 6GV/50 Sandretto reciprocating screw injec- 
tion-moulding machine was used to produce 3 mm 
thick tensile test bars (Fig. 1) according to condi- 
tions reported previously.17 The injection pressure, 
nozzle temperature and mould temperature used 
were 127MPa, 50°C and 235”C, respectively. The 
test bars were X-ray radiographed to verify that 
there were no voids or cracks present after mould- 
ing. 

2.2 Pyrolysis 
Test bars were pyrolysed in a muffle furnace in 
static air. The rate of heating was determined by 
trial and error experiments such that pyrolysis 
does not produce voids or cracks in the mould- 
ings. The bars were heated initially from room 
temperature to a few degrees below the softening 
points of the formulations (148°C) at 50°C h-’ and 
then soaked for 24 h at this temperature. Subse- 
quently, heating was continued at 5°C h-‘. Three 
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Fig. 1. Injection mouldings produced (nominal thickness 
3mm). AA indicates the position and length of the test bars 

used for measurement of linear shrinkage. 

test bars of each formulation were heated to 155, 
170, 195 and 225°C (referred to as pyrolysis tem- 
peratures in the text and measured to an accuracy 
of f 1’C) before cooling in the furnace to room 
temperature. Test bars were X-ray radiographed 
after pyrolysis to verify tlhat voids and cracks were 
absent and subsequently were used to carry out 
the following experimentrs in triplicate. 

2.3 Measured linear shrintkage 
Two marks were scribed on the test bars as shown 
in Fig. 1 prior to pyrolysis. The distance between 
the two marks was measured with a travelling mi- 
croscope before and afte:r pyrolysis to the temper- 
atures given in Section 2.2. 

2.4 Loss on ignition 
After pyrolysis, the test bars showed a clear con- 
trast in colour between the core and surface re- 
gions (Fig. 2). Therefore, the material in the sur- 
face region was carefully separated from the core 
by scoring with a scalpel blade. The dimensions of 
the core were measured -using Vernier callipers to 
calculate (separately) the vol.% of test bar that 
constitutes the core and the surface regions as py- 
rolysis progressed. Samples of both surface and 
core material were heateld to 600°C (in triplicate) 
to calculate the weight loss of organic vehicle. 

2.5 Dilatometry 
Thermal expansion curves were obtained for 2.5 X 

2.5 mm cross-section comre samples (4mm thick) 
using a Perkin Elmer TMSl thermomechanical 
analyser (TMA). Expansion was measured along 
the length of the test bars. A load of 3 g was used 

Fig. 2. Typical appearance of the cross-section of test bars 
after pyrolysis showing the dark surface region. Examples 
shown are: (a) A test bar of formulation A pyrolysed to 

195°C; (b) a test bar of formulation B pyrolysed to 195°C. 

on a flat-ended silica glass rod (diameter 4 mm) 
during heating the samples at 8”C-’ h to 120°C. 
These experimental conditions have been used 
successfully in previous work’* to calculate the lin- 
ear thermal expansion coefficient of ceramic sus- 
pensions. The TMA was calibrated using a pure 
sample having a linear thermal expansion coeffi- 
cient of 2.3 X lo-’ K-l. 

2.6 Differential scanning calorimetry (DSC) 
A Perkin-Elmer DSC2 was used to measure en- 
thalpies of fusion of samples taken from the core 
of pyrolysed test bars. A scan speed of 10 K min’ 
was used during heating the samples between 
room temperature and 250°C. 

3 Results and discussion 

3.1 Mechanisms of removal of the organic vehicle 
The dark appearance of the surface of pyrolysed 
test bars of both formulations (Fig. 2) suggests 
that the organic vehicle present in these regions 
has been subjected to a greater level of degrada- 
tion compared with the core. This is due to the 
presence of oxygen in the atmosphere in which py- 
rolysis is carried out. Oxidative degradation oc- 
curs in the surface regions while thermal degrada- 
tion dominates in the core of the mouldings19,20 
and the former is known to give rise to a higher 
weight loss at a lower temperature.21 Loss on igni- 
tion results of surface and core samples shown in 
Fig. 3 indicate an increase in the wt% of organic 
vehicle in the surface regions at 195 and 225°C in 
formulation A and at 170°C in formulation B. 
Therefore, enrichment of the organic vehicle in the 
surface regions occurred in both formulations 
(over a wider temperature range in formulation A 
which contained more organic vehicle) during the 
initial stages of pyrolysis. The organic vehicle in 
both surface and core regions of the test bars after 
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Fig. 3. Variation of weight of organic vehicle remaining (as a 
percentage of the initial weight of organic vehicle in the as- 
moulded test bars) with pyrolysis temperature in the surface 
region and the core of the mouldings of (a) formulation A; 
(b) formulation B. Formulations A and B contained 81.24 
(M.05) wt% (equivalent to 49.7 vol.%) and 8517 (M.14) wt% 
(equivalent to 56.7 vol.%) ceramic in the as-moulded state 
(from ashing at 600°C). Thus the green densities of formula- 
tions A and B are 2440 kg mm3 and 2655 kg rne3, respectively. 

pyrolysis has been analysed by gel permeation 
chromatography (GPC) and reported previously.22 
GPC results show that the polypropylene in the 
core of test bars of both formulations did not 
show any appreciable degradation but the inten- 
sity of the wax peak decreased. In contrast, at the 
surface, although the polypropylene present in the 
organic vehicle degraded to some extent (particu- 
larly at 225”Q the significant feature was the in- 
crease in the intensity of the wax peak. Therefore, 
in the context of the present investigation, the im- 
portant mechanism of removal of organic vehicle 
from the core of the test bars of both formula- 
tions during the initial stages of pyrolysis is the 
capillary migration of the microcrystalline wax to 
the surface. 

The rate of weight loss due to oxidative degra- 

Table 1. Volume of test bar which contains discoloured 
surface material at each pyrolysis temperature investigated 

Temperature 
(“C) 

155 
170 
195 
225 

Volume (%) 

Formulation A Formulation B 

12 6 
10 13 
10 19 
11 22 

dation in the surface regions was also affected by 
the capillary migration of the microcrystalline wax 
from the core to the surface. The vol.% of dis- 
coloured surface material in the test bars (pre- 
sented in Table 1 using results from the experi- 
mental procedure described in Section 2.4) hardly 
varies in formulation A which contained more or- 
ganic vehicle and showed capillary migration of 
microcrystalline wax over a wider temperature 
range, as already discussed. In contrast, there is a 
rapid increase in the vol.% of surface material in 
test bars of formulation B. 

3.2 Measured shrinkage 
The linear shrinkages (S,) measured (Table 2) 
were converted to volume shrinkages (S,) by using 
the expression: 

S” = 3s, - 3s,2 + $3 (1) 

Figure 4 shows the variation of S, with pyrolysis 
temperature. In order to understand further the 
behaviour of the suspensions during pyrolysis, S,_ 
of the test bars was also measured at 150°C (just 
below the softening point of both formulations; 
dilatometric measurements give 151 “C (formula- 
tion A) and 154°C (formulation B)) and the corre- 
sponding S, values are also shown in Fig. 4. In 
both formulations S, increases initially. This is ex- 
pected as residual stresses are released on heating 
past the softening point and the ceramic particles 
have the opportunity to move towards each other 
as suspensions begin to lose organic vehicle. How- 
ever, at 170°C both formulations show a decrease 
in S,. 

Bandyopadhyay & French8 observed a similar 
effect during the interrupted pyrolysis of injection- 

Table 2. Linear shrinkages (S,) in test bars of formulations 
A and B at each pyrolysis temperature 

Temperature 
PC) 

KC%) 

Formulation A Formulation B 

155 1.24, 1.31, 1.33 0.56, 0.75, 0.85 
170 0.68, 0.62, 0.63 046, 0.49, 0.46 
195 0.59, 0.56, 0.54 040, 0.31, 0.38 
225 0.20, 0.15, 0.12 0.18. 0.15, 0.18 
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Fig. 4. Variation of measured vol.% shrinkage (S,) with 
pyrolysis temperature in formulations A and B. 5’” values 
correspond to the average SL value of the measurements 

given in ‘Table 2. 

moulded test bars and spheres made using silicon 
nitride powder and an organic vehicle which con- 
tained microcrystalline wax and epoxy resin as the 
major and minor constituents, respectively. Vol- 
ume expansion of the organic vehicle takes place 
during heating but &, measured at room tempera- 
ture, can only show a decrease if the ceramic par- 
ticles in the core of the mouldings are restrained 
from moving during cooling. However, S, values 
can also be influenced by changes in the properties 
of organic vehicle during pyrolysis (see Sections 
3.3 and 3.4). After off-setting the effect on S, due 
to changes in the properties of the organic vehicle 
during pyrolysis, particle packing in the suspen- 
sions investigated is discussed in Section 3.5. 

3.3 Thermal expansion 
The loss of organic vehicle during pyrolysis causes 
the linear thermal expansion coefficient ((Ye) of 
samples of test bars to differ from the as-moulded 
values during cooling and this affects the S, val- 
ues calculated. This effect can be corrected for by 
measuring (Ye of core sa.mples of pyrolysed test 
bars (Table 3) and calcula.ting: 

(We,, = {(~L)as-moulda:d - (aL)pyrolysed) AT c2) 

where (AL),,, is the dimensional change in the test 
bars due to the change in cyL and AT is the differ- 
ence between the pyrolysis temperature and the 

room temperature. Since @L.)as-moulded ’ bL)pyrolysed 

at all the temperatures investigated (Table 3), 

(AL),,, is an expansion. czL of injection-moulded 
ceramic bodies shows anisotropy and therefore 
all measurements were made along the length of 
the test bars, the directio:n in which SL was mea- 
sured. (AL),,, values were converted to vol.%, 

(AU,,, using eqn (1) and these results are also 
presented in Table 3. The maximum error in 

Table 3. Coefficient of linear thermal expansion (q) of 
formulations A and B at each pyrolysis temperature and 
(A V)exp corresponding to the average of the q values given 

Temperature Formulation A Formulations B 
PC) 

q(MK-‘) (AV), c4MK-l) (AV), 
(vol. %) (vol. %) 

20 
(as moulded) 146, 139, 142 - 134, 147, 1.52 - 

155 133, 110, 120 0.0114 110, 114, 93 0.0156 
170 71, 73, 82 0.0303 70, 52, 74 0.0355 
195 115, 114, 106 0.0160 95, 105, 107 0.0218 
225 59, 51, 60 0.0526 43,44,46 0.0614 

(AF’&,, due to the use of the average (Ye values, is 
36%. However, these values are of the order 10e2 
and the actual magnitude of the error involved is 
extremely small. The error does not change the 
conclusions of this investigation. In fact, (Av),,, 
has a negligible effect on particle packing, as 
described in Section 3.5. 

3.4 Crystallinity 
DSC results of each sample showed two peaks 
corresponding to the crystalline melting of micro- 
crystalline wax (MCW) and isotactic polypropy- 
lene (IPP). The enthalpies of fusion of 100% crys- 
talline MCW and IPP are 267 J g-’ and 165 J g-l, 
respectively. 24 These values were compared with 
the measured enthalpies of fusion to calculate the 
percentage crystallinities of MCW and IPP in each 
sample (Table 4). These results show that as the 
test bars were cooled to room temperature, the 
percentage crystalinity of MCW, in particular, 
becomes smaller at higher pyrolysis temperatures. 
The vol.% shrinkage, (AQrys, associated with the 
crystallinity of MCW and IPP, can be calculated 
separately using eqn (3): 

(A V)_ = specific volume change 
X density of MCW (or IPP) 
X % crystallinity X vol.% of MCW 
(or IPP) in the organic vehicle (3) 

The specific volume changes for MCW and IPP 
are 0.193 m3 Mg-’ and 0.116 m3 Mg-‘,24 respec- 
tively. The vol.% of MCW and IPP in the organic 
vehicle was estimated using the relative intensities 
of the gel permeation chromatograms reported 
previously22 and the fact that in the as-moulded 
state the MCW : IPP weight ratio was 3 : 1 (as 
mixed proportions). Gel permeation chro- 
matograms also show that in the pyrolysis temper- 
ature range investigated the molecular weights of 
MCW and IPP in the core of the test bars do not 
change significantly22 and therefore their as-re- 
ceived densities (given in Section 2.1) were used in 
calculating the vol.% of the MCW and the IPP in 
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Table 4. Percentage crystallinity, (A vnys and (A k’)*_ of formulations A and B at each pyrolysis temperature 

Formulation Temperature Percentage crystallinity 
(“C) 

(A V) uYs (vol. %) (A V) *uYs 
(vol.O%) 

MCW IPP MCW IPP Total 

20 (as moulded) 33, 40, 37 44, 52,43 0.76 1.70 2.46 - 
155 31, 36, 30 55, 54, 53 0.50 2.11 2.61 0.15 

A 170 23, 30, 24 50, 52, 48 0.41 1.95 2.36 -0.10 
195 22, 24, 25 52, 55, 49 0.39 1.97 2.36 -0.10 
225 13, 20, 21 48, 49, 46 0.26 1.82 2.08 -0.38 

B 20 (as moulded) 40, 36, 37 44,46,44 0.66 1.42 2.08 
155 24, 26, 24 57, 59, 54 0.35 1.86 2.21 0.13 
170 12, 16, 18 48, 50, 53 0.20 1.63 1.83 -0.26 
195 26, 14, 21 50, 50, 50 0.23 1.60 1.83 -0.25 
225 21, 12, 11 43, 36, 41 0.15 1.25 1.40 -0.68 

The average percentage crystallinity values were used in the calculations. 
A minus sign indicates an expansion. 

the organic vehicle and (AI’),,, at each pyrolysis 
temperature. 

The organic vehicle also contains approximately 
11 wt% of stearic acid which is used as a process- 
ing aid. 25 Thermogravimetry of stearic acid shows 
that at 150°C (approximately the softening point 
of the formulations) over 50 wt% of the stearic 
acid is removed. In addition, taking into account 
processing of the ceramic suspensions in the twin- 
screw extruder and the injection-moulding ma- 
chine (Section 2.2), it can be assumed that only a 
very small amount of stearic acid remains in the 
formulations at the pyrolysis temperatures investi- 
gated and its effect has not been taken into 
account in the present analysis. 

(A I’,& values and the change in (A I’)_ at each 
pyrolysis temperature, compared with the as- 
moulded samples, (AI’)*,,yS, are also shown in 
Table 4. The maximum error in (AI),,,,, due to 
the use of the average crystallinity values, is 10% 
and does not change the conclusions of this inves- 
tigation. 

3.5 Particle packing 
The measured shrinkage (Table 2) is the sum of 
the shrinkages caused by particle packing, expan- 
sion due to the change in the coefficient of linear 
thermal expansion coefficient ((Av),,, in Table 3), 
and the shrinkage (or expansion) due to the 
change in crystallinity ((Av)*,,, in Table 4). The 
shrinkage due to particle packing at each pyrolysis 
temperature calculated on this basis is shown in 
Fig. 5. 

In the as-moulded state of the test bars, all 
inter-particle space is filled with organic vehicle.26 
Removal of organic vehicle during pyrolysis re- 
sults in particles moving closer together (particle 
packing) or the creation of porosity. Previous 
work6 has shown that once pyrolysis is complete 
the vol.% of ceramic in the body could increase 
only to pmaX, where V < p,,,,, < V,,,. I/ is the 

initial vol.% of ceramic in the suspension and V,,, 
is the maximum volume of ceramic that can be in- 
corporated in the suspension and this value is de- 
duced from viscosity data.27 pmaX is approxi- 
mately equal to the measured CPVC (critical 
powder volume concentration) value.28 Therefore, 
p max represents a situation where the particles 
move closer to each other and ‘lock into position’, 
preventing any further movement. 

At 155°C (just above the softening point of the 
suspensions), when the core of the test bars of 
both formulations show a 3-4 wt% loss of organic 
vehicle, calculated particle packing shrinkages are 
3.78 vol.% and 2.03 vol.% in formulations A and 
B, respectively (Fig. 5). However, at 150°C (just 
below the softening point of the suspensions) 
when weight loss of organic vehicle is negligible 
(~1%) the core of the test bars of formulations A 
and B show measured shrinkages of 2.2 vol.% and 
1.6 vol.% respectively (Fig. 4). Relaxation of resid- 
ual stresses in the test bars caused by injection 
moulding occurs on heating to the softening 
point29 and this can influence the bulk measured 
shrinkage and particle packing. The more dilute 

140 150 180 170 la0 190 200 210 224 220 240 
Temperature pZ) 

Fig. 5. Variation of shrinkage due to particle packing with 
pyrolysis temperature in formulations A and B. 
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formulation A shows a l.arger initial shrinkage due 
to particle packing. Th:is is expected as ( VmaxV’) 
is larger in the case of formulation A. Subse- 
quently, at 170 and 195°C both formulations show 
a decrease in particle packing in the core of the 
test bars (Fig. 5). This shows that the volume ex- 
pansion due to melting of the organic vehicle, 
which occurs as the temperature exceeds the soft- 
ening point of the formulations, is not relaxed 
completely on cooling to room temperature and, 
in effect, particles are pulled apart. This is despite 
capillary migration of the MCW from the core of 
the test bars helping the particles to be drawn to- 
wards each other as discussed earlier (see Section 

1). 
This decrease in particle packing can be ex- 

plained by considering t:he interaction between the 
surface region and the core of each test bar. The 
surface region loses a larger amount of organic ve- 
hicle (Fig. 3) and the:refore will experience a 
greater shrinkage. Previous work17 has shown that 
the surface and interconnected porosity remains 
virtually constant at almost 2-3 vol.% in the tem- 
perature range 155-195”C, in both formulations. 
T’* max of formulations A and B are 51 and 58%, 
respectively.6 Taking into account loss of organic 
vehicle from the surfa.ce region (Fig. 3) and 
neglecting the formation of porosity, the vol.% of 
ceramic in the surface increases to 54 and 61% 
(average for the temperature range 155-195”C), in 
formulations A and B, respectively. Even if the 
levels of porosity are accounted for completely as 
surface porosity, the vol.% of ceramic in the sur- 
face region is =Vmax of each formulation. Thus, 
the ceramic particles in the surface region have 
achieved the maximum packing efficiency and are 
‘locked together’. This eRect makes the surface re- 
gions behave like a rigid skin (which appears as a 
dark degraded region a.s shown in Fig. 2) and 
‘holds’ the ceramic particles in the core, restrain- 
ing them from further packing during cooling 
after being pulled apart ‘due to the volume expan- 
sion of the organic vehicle. It can be argued that 
this type of restraint can lead to cracking. How- 
ever, cracking was not observed in the present 
work. The presence of the organic vehicle (>75 
wt% remaining in both formulations at 225°C) al- 
lows the suspension to behave like a plastic mass, 
which helps to prevent cracking. 

At 225”C, this phenomenon continues to hinder 
particle packing in formulation A. However, in 
formulation B, the reduction in particle packing 
decreases (Fig. 5). This coincides with an increase 
in the development of porosity in formulation B, 
as discussed in previous work.17 Figure 3 shows 
that in the case of formulation B, compared with 
formulation A, the rate of weight loss in the core 

of the test bars is greater and that at 225°C it has 
lost a higher wt% of the organic vehicle. There- 
fore, at this temperature, the ceramic particles in 
formulation B can be expected to pack to a 
greater extent. 

This reduction in particle packing during the 
early stages of removal of organic vehicle was not 
observed in previous work.30,31 In these instances 
(the same organic vehicle was used), particle pack- 
ing during interrupted pyrolysis was reported as 
measured linear shrinkage (uncorrected) and these 
approached a limiting value at about 190°C. How- 
ever, a variable rate of heating (much faster than 
the constant 5°C h-’ in the present work) was used 
to pyrolyse the test bars during the initial stages 
and a dark skin at the surface of the test bars was 
not evident. This provides additional evidence for 
the argument that the extent to which the surface 
regions form a degraded rigid skin, which seems 
to be related to the rate of heating during pyroly- 
sis, is an important feature affecting the packing 
of the ceramic particles during the removal of the 
organic vehicle. It also indicates that the atmo- 
sphere in which pyrolysis takes place will affect 
shrinkage (and particle packing) in the artefacts. 
If pyrolysis was carried out in an inert atmosphere 
such as N, where oxidative degradation does not 
take place, a surface skin which could restrain 
particle packing in the core of the mouldings 
would not prevail and larger shrinkages will be 
observed, as noted by Wright et al6 Bandyopad- 
hyay & French’ pyrolysed mouldings in N, but 
their observation of a reduction in shrinkage dur- 
ing the early stages of pyrolysis, as in the present 
work, was most probably caused by the fact that 
the mouldings were packed in ceramic powders, 
which were used as a wicking medium, and this 
created a restraining effect on the surface. 

4 Conclusions 

The shrinkage due to the packing of ceramic par- 
ticles in the core of injection-moulded test bars 
during the initial stages of pyrolysis in static air 
has been calculated by correcting measured 
shrinkage values for changes in the coefficient of 
thermal expansion and the changes in the crys- 
tallinity of the constituents of the organic vehicle. 
Initially, particle packing increased at a tempera- 
ture just above the softening point of the formula- 
tions but it is likely that the relaxation of residual 
stresses caused by injection moulding would have 
influenced shrinkage measurements and affected 
particle packing. However, subsequent particle 
packing in the core of the test bars decreased as it 
was restrained by the rigid surface regions which 
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form due to oxidative degradation. Comparison of 
the results of the present work with previous in- 
vestigations show that the rate of heating and the 
atmosphere used during pyrolysis also affect par- 
ticle packing. Although shrinkage due to particle 
packing in the more concentrated suspension was, 
as expected, smaller (except at 225°C when there 
was a steep increase in weight loss compared to 
the other formulation), there were no major differ- 
ences in these trends in the two formulations in- 
vestigated. This indicates that the 7% difference in 
initial volume fraction of ceramic in the suspen- 
sions did not have a significant effect on particle 
packing during the initial stages of removal of the 
organic vehicle. 
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