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Ultra-fine stabilized zirconia powders, which only contain extremely small aggregates 
were prepared. The control of agglomerates and aggregates in these powders is of utmost 
importance in order to obtain highly sinter-reactive ceramics. The very small aggregates 
appear to be the smallest microstructural units which determine the ultimate packing 
situation after compaction. Resulting green microstructures and sintering behaviour were 
studied extensively. The sintering process is seen to proceed via several stages of micro- 
structural development. During the most important stage, where the ceramic material 
approaches full density, the observed occurrence of abnormal grain growth strongly 
influences the ultimate grain size. The extent of abnormal growth is highly dependent on 
aggregate sizes present in the starting powder. 

1. Introduction 
In the application of stabilized zirconia as a solid 
electrolyte in electronic devices such as sensors 
and oxygen pumps, in addition to electrical 
demands [1], the material has to meet certain 
requirements concerning ceramic microstructure. 
The ceramic material has to be impervious to gases 
and, furthermore, mechanical strength and tough- 
ness must be sufficiently high in order to prevent 
breakdown of the device during use at elevated 
temperatures. 

As was discussed previously [2-4],  highly sinter- 
reactive powders enable the production of dense 
ceramics with a very small grain size (< 0.5 gm). In 
particular yttria stabilized zirconia powders pre- 
pared from metal alkoxides [3, 4] give good results 
and produce ultra-fine grained ceramics with 
enhanced mechanical strength [5]. The densifi- 
cation of stabilized zirconia ceramics at relatively 
low temperatures [2] is only possible when a very 
homogenous microstructure, i.e. a highly uniform 
packing of ultra-fine crystallites in the green 
compact is present [3,6]. 

In the case of ultra-fine ceramic powders from 
metal alkoxides the product is formed by 
hydrolysis-precipitation of the precursor solution 

in water [4, 7, 8]. In order to prevent the formation 
of strong agglomerates the precipitated hydrous 
gel has to be treated in such a way so that a low 
density gel with a minimal degree of internal cross- 
linking is formed [3, 8, 10]. According to 
Sheinfain et al. [11], Stas' et al. [12] and Veiga 
et al. [13], gels which were aged in different 
liquids mutually show rather drastic differences in 
the pore volume after drying at 120 ~ C. Ageing in 
water leads to the formation of very dense 
xerogels, whereas ageing in organic solvents (e.g. 2- 
propanol) produces highly porous dry gels. Rijnten 
[9] and Dell et al. [14] suggest that adsorbed water 
promotes low temperature sintering of gel-derived 
oxides. In the case of alkoxide-derived gels, both 
phenomena mentioned above may enhance the 
formation of dense and, consequently, strong 
agglomerates during thermal decomposition. 

In the present work .special precautions were 
taken during synthesis in order to allow complete 
removal of free water from hydrous zirconia 
precipitates, prior to drying and calcining, which 
produces powders with improved compaction and 
sintering behaviour. In some recent papers [4, 6] 
the microstructural development during com- 
paction of these yttria stabilized zirconia powders 
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was discussed in detail. The work reported here 
briefly reviews compaction behaviour, while a 
more extensive study concerning sintering 
behaviour is presented. Special attention will be 
paid to the interaction of grain growth and 
densification during the sintering process and the 
consequences of these phenomena on the micro- 
structural development and resulting grain sizes. 

2. Experimental details 
2.1. Sample preparation 
Metal alkoxide precursors: Zr- t -amyloxide;  
Zr(OCsHn)4; and yttrium isopropoxide, 
Y(OE3HT)3, were synthesized as described by 
Bradley et  al. [15] and Brown et  al. [16]. 17% 
yttria stabilized zirconia, Zro.s3Y0.17Ot.91s, was 
prepared by hydrolysis of a mixed solution of the 
alkoxides and subsequent decomposition of the 
hydroxide-gel precipitate [3 ]. 

In order to achieve powders with optimal 
compaction and sintering properties, the following 
conditions must be fulfilled: (i) a maximum degree 
of dispersion has to be accomplished during hydro- 
lysis; and (ii) free water has to be totally removed 
from the surface of the gelatinous precipitate prior 
to drying and thermal decomposition. To meet 
these conditions, hydrolysis and gel washing 
procedures as previously reported [3] were modi- 
fied as follows: a very dilute (0.2M) alkoxide 
solution in benzene was added dropwise to a large 
excess of water, molar ratio H20 + metal = 250. 
After hydrolysis, the precipitate was laundered 
with water three times to complete the hydrolysis 
reaction and in order to remove organic solvents. 
Washing was repeated three times with 2-propanol 
for the total removal of water from the hydrous 
gel. Prior to each washing step, the filtered gel was 
ball.milled as a viscous slurry (4 M) to facilitate 
subsequent dispersion. All washing steps were 
performed with highly diluted (~--0.1M) gel 
dispersions. Hydrolysis and washing procedures 
were carried out in a baffled vessel reactor (Fig. la) 
as described by Lyons [17]. During hydrolysis, the 
reactor was equipped with a dispersion turbine 
(Fig. lb), which provides a high degree of dispersion 
of the hydrolysing material. Water and alcohol 
washing steps were carried out using a high 
energy disc turbine (Fig. lc). This turbine, which 
was operated at 1000rpm, provides an extremely 
high liquid flow, which enables maximum removal 
of water out of the gel structure. After the last 
washing step, the gel was dried, ball-milled and 
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calcined at 650 ~ C. Powder compacts were pressed 
isostatically at pressures of up to 500 MPa. Sinter- 
ing took plate at temperatures between 700 and 
1500 ~ C in air. 

2.2 Characterization 
X-ray fluorescence spectrometry, using a Philips 
PW 1410 spectrometer, was used for the analysis 
of overall composition and purity [18]. Powder 
compaction behaviour was investigated by 
measuring the changes in densification with 
increasing isostatic pressure as described by 
Niesz et  al. [19]. Specific surface areas of the 
powders were determined according to the BET 
method using the equipment as reported by Bosch 
et  al. [20]. Nitrogen adsorption and desorption 
isotherms were measured at 77 K by means of a 
Carlo Erba Sorptomatic Series 1800 instrument. 
Pore size distributions and pore volumes were 
calculated from the desorption branch of the 
hysteresis loops, according to the method 
described by Dollimore et  al. [21]. The total pore 
volume data so determined, were compared with 
pore volume values calculated from the overall 
density values, measured by means of the 
Archimedes method. Crystallite sizes as a function 
of heat treatment temperature were determined by 
means of X-ray line broadening measurement [22], 
using a Philips X-ray diffractometer PW 1370 with 
CuKa-radiation. A Jeol 200 CT transmission 
electron microscope was used for direct obser- 
vation of grain sizes in the region < 200 run. Grain 
growth in the region > 200 nm was observed using 
a Jeol JSM U3 scanning electron microscope. 

3. Results and discussion 
3.1. Powder characteristics 
X-ray fluorescence analysis revealed a chemical 
composition Zro.a3sY0.16501.917s, which is a value 
near to the nominal Composition. The powder 
contained traces of contaminants: A1203 < 
100ppm; SiO2<300ppm; and C < 5 0 0 p p m .  
The calcined powder showed a specific surface 
area as high as 90m 2 g-1. The average crystalline 
size of 7.8 nm, as calculated from X-ray line broad- 
ening data showed good agreement with transmis- 
sion electron microscope observations (Fig. 2). 

3.2. Microstructural development during 
compaction 

As previously reported in more detail [4], the 
alkoxide powders under investigation are built up 
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Figure 1 (a) baffled vessel hydrolysis and washing reactor, (b) dispersion turbine, (c) disc turbine. 

from three microstructural elements: (a)primary 
crystallites (G= =7.8rma), which are closely 
packed into (b)very small and strong aggregates 
(cTae.g "" 20 nm); and (c) a large number of aggre- 
gates mutually clustered to form weak and highly 
porous agglomerates (relative agglomerate density 
= 23%). 

Stepwise compaction, with increasing isostatic 
pressure, shows a densification behaviour as 
illustrated in Fig. 3. The intersection between two 
linear parts of this curve represents the average 
compression strength (30 MPa) of the agglomerates. 
At pressures <30MPa,  densification of the 
compact takes place merely by fragmentation and 
rearrangement of the agglomerates without a 
change of their internal microstructure. At press- 
ures exceeding 30 MPa, however, the agglomerate 

fragments are being compressed, which causes 
changes in their internal microstructure. 

Fig. 4 schematically represents an idealized 
picture of the compaction sequence, whereas Fig. 
5 shows a pore size distribution curves as measured 
for the four stages (1~ = 4, 8, 95 and 400MPa 
respectively) of microstructural development. At 
pressures below 30 MPa (Figs. 4a and 4b) a frac- 
tion of large pores ( ~ v > 5 0 n m )  is present, 
together with a relatively sharp distribution of 
much smaller pores (the smaller pores being 
located within the agglomerates)whereas the 
fraction of coarser pores is caused by inter- 
agglomerate cavities, due to the presence of 
agglomerate fragments at pressures < 30 MPa. The 
volume contribution of the larger pores to the 
total pore volume, as well as their size, decrease on 
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Figure 2 Transmission electron 
micrograph of an alkoxide 
powder sample calcined at 
650 ~ C. 

50- 

ences microstructural development during the first 
stages of sintering. 

As was shown in a previous paper [3] synthesis 
of stabilized zirconia powders from metal 
alkoxides, following the conventional route, 
produces relatively sinter-reactive powders. These 
powders, however, consist of dense (0~t = 60%) 
and fairly strong (compression strength = 110 MPa) 
agglomerates, resulting in the persistence of rather 
coarse pores during compaction. The actual 
powders which, as described before, were prepared 
according to improved hydrolysis and washing 
conditions, only contain very weak (compression 
strength 30 MPa) and highly porous agglomerates 
(P~el = 23%) [4]. As will be shown, this leads to a 
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increasing pressure in the region 0 < P < 30 MPa 
(Fig. 5b). As can be seen in Figs. 5c and d, at 
pressures exceeding 30MPa inter-agglomerate 
pores have disappeared, whereas the size of the 
inter.aggregate pores decreases on increasing 
pressure as a result of aggregate rearrangement. 
Because of their high density and high strength 
these aggregates merely rearrange, without their 
internal microstructure being affected. Finally, at 
P = 400MPa (Figs. 4d and 5d) this results in a 
rather narrow size distribution of inter-aggregate 
pores (re = 4.3nm) and, in addition, a small 
shoulder (~v = 2 nm) originating from the pores 
within these aggregates. As will be shown later, the 
existence of these small aggregates strongly influ- 

Figure 3 Densification behaviour 
during isostatic compaction. 



Figure 4 Schematic representation of microstructurat development during the different stages of the compaction 
process at pressures of (a) 4 MPa, (b) 8 MPa, (c) 95 MPa and (d) 400 MPa. 

.considerable improvement in sinter-reactiv- 
ity. 

3.3. Development of microstructural 
parameters during sintering 

Densification, the development of pore sizes and 
grain growth at different sintering temperatures 
are represented in Figs. 6 to 8. At temperatures 
below 1100 ~ C, sintering involves pore growth and 
only slight densification. Above 1100~ a differ- 
ent behaviour is observed: pore shrinkage occurs 
and densification rapidly accelerates towards the 
final 97% density. The onset of pore shrinkage 
corresponds with the start of fast densification 
(Figs. 6 and 7). 

Grain growth behaviour may be interpreted by 
means of the kinetic theory developed by Brook 
[23] in which growth equations of the general 
form are used: 

D 
G ~ -- G~ oc ~- x t (i) 

where n is a constant for a given growth mechan- 
ism; D is the diffusion constant of  the slowest 
ion; Go and G are the starting grain size for the 
actual mechanism and the grain size resulting from 
grain growth at a temperature T during time t, 
respectively. These grain growth equations may be 
used for isothermal grain growth studies. In our 
investigation microstructural development, includ- 
ing grain growth, was studied by carrying out 
sintering experiments at several temperatures, with 
constant sintering times. For this reason Equation 
1 is transformed making use of the temperature 
dependence relation for the diffusion constant: 

AE 
D = D o e x p - - - -  (2) 

R T  

from which: 
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Figure 5 Pore size distribution curves determined from gas desorption measurements. Pressures correspond with values 
indicated in Figs. 3 and 4. 
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Figure 9 Transmission electron 
micrograph of an alkoxide 
powder sample, heat treated at 
850~ 

2xE 
in (Gn--G~) ~ - + l n D o + l n t - - l n T  (3) 

R T  

With the condition: G >~ Go; and t is constant; 
Do is constant (no compositional changes), for 
each small temperature interval within the region 
of one single grain growth mechanism. Equation 3 
then becomes: 

AE 
In G ~ -- - -  + constant. (4) 

nRT 

For the above conditions, with a fixed value of n, 
Equation 4 describes grain growth within the 
temperature limits of an operating growth mech- 
anism. Though the condition G >> Go, as will be 
shown later, is not completely fulfilled in each 
temperature region studied, a distinct change in 
the slope of a in G against 1/T plot is indicative of 
a change in the acting grain growth mechanism. As 
is shown in Fig. 8, grain growth follows a quite 
complex pattern. A classification into six tempera- 
ture regions of grain growth kinetics can be made, 
the transition temperatures being 900, 1100, 
1200, 1500 and 1600~ C. 

Below the first transition temperature (900 ~ C), 
the sintering can be attributed to the presence of 
small ( d <  20nm) aggregates mentioned before. 
The observed increase in grain size in this tempera- 
ture region, is caused exclusively by grain growth 
within these small aggregates. The relatively regular 
and dense internal packing situation in these small 
aggregates provides a large number of necks, 
formed during calcining, between the primary 
crystallites. As was shown in a previous paper, 
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such packing situations lead to fast sintering and 
the achievement of full density at very low tem- 
peratures [2]. Between the aggregates, this advan- 
tageous situation does not exist: here the number 
of contact points per unit volume is very much 
lower. As a consequence mutual sintering between 
these aggregates is negligible in this temperature 
region. Hence sintering will be mainly restricted 
to the internal aggregate structure. In the course 
of this process, the pore volume within the 
aggregates is transported towards the surface of 
the aggregates. This results in complete densifi- 
cation of the aggregates, which is confirmed 
by the disappearance of intra-aggregate pores and 
enlarged inter-aggregate pores (Fig. 7), whereas the 
overall compact densification is negligible (Fig. 6). 

After calcining (650 ~ C), the average aggregate 
diameter dagg r ~ 20 nm and the relative internal 
aggregate density P~el = 45% (pore fraction e = 
0.55) [4]. As discussed above, after sintering at 
900 ~ C, these aggregates have completely densified. 
Making use of the simple geometrical relation: 

d90o = ~i~aggl: X (l  -- if)l/3 (5) 

the average aggregate size dgoo after sintering at 
900~ is calculated to be 15.3 nm. This value is 
close enough to the average crystallite size Ggoo = 
17.3 rim, measured after sintering at 900~ (Fig. 
8), to conclude that the aggregates have densified 
to "single crystallites". The result of this important 
first stage of microstructural development is 
affirmed by the transmission electron micrograph 
of a sample, sintered at 850~ (Fig. 9). This 



photograph shows both large crystals (G = 15 to 
20nm), resulting from the completely densified 
aggregates and some remaining crystallites, 
experiencing an unfavourable packing situation 
in the uncompacted powder. 

In the temperature region 900 < T < 1100 ~ C 
grain growth accelerates. After complete densifica- 
tion of the aggregates, a new stage in grain growth 
consequently implies growth of the large crystals, 
originating from these densified aggregates. In pre- 
vious work on a related materials system [2] we 
reported growth kinetics with n = 3 in the same 
temperature region, a value which was attributed to 
normal grain growth. Since materials system and 
grain sizes are comparable, the same grain growth 
kinetics are to be expected in the actual material. 

According to Brook [23] normal grain growth 
can be divided into two classes where: (a)grain 
boundary velocity itself is the rate controlling 
process; and (b) migration of the pores, attached 
to the grain boundary, is rate controlling. In the 
greater part of the temperature region concerned, 
most of the original porosity is still present (Fig. 
6), whereas grains and pores grow simultaneously 
(Fig. 7 and 8) in the entire region. The cause of 
this simultaneous growth is, that in cases of 
normal grain growth pores remain attached to the 
moving grain boundary and will coalesce as small 
grains are consumed by larger grains [23, 24]. The 
pores can be expected to move along by surface 
diffusion considering the low temperatures and 
small grain and pore sizes involved at this stage of 
microstructural development. 

In the course of normal grain growth, where 
pores migrate by way of surface diffusion, the 
observed simultaneous grain and pore growth 
normally lead to a shift in the rate controlling 
process from boundary mobility control to 
pore mobility control as pore and grain 
sizes increase [25]. Applying Equation 4, and 
considering the common assumption that 
AE/n is lower for surface diffusion than for 
diffusion across the boundary, the shift in the rate 
controlling process should imply a decrease in the 
slope of a in G against 1/T graph at higher tem- 
peratures in this region. Although only little grain 
size data are available in the temperature region 
under discussion, the perceptible decrease in the 
slope towards the higher temperatures (Fig. 8), in 
combination with the microstructural develop- 
ment observed, provide supporting evidence for 
the proposed growth kinetics. 

The sintering behaviour at higher temperatures 
( T >  l l00~ exhibits several different stages of 
grain growth as well. In particular the temperature 
region between 1100 and 1200 ~ C will be discussed 
in more detail. As can be seen from Figs. 6 and 8, 
~> 95% density is reached below 1200 ~ C, whereas 
grain growth accelerates strongly in this area. 
Hence, this stage of microstructural development 
is very important for ceramic processing. The steep 
increase in the grain growth rate is indicative of 
abnormal grain growth occuring at this stage. 
Abnormal grain growth may originate from two 
sources: (a)The grain size distribution of the 
starting material may contain grains with sizes 
substantially exceeding the average grain size. Such 
grains may be the starting points of exaggerated 
grain growth [26]; and(b)Systems undergoing 
normal grain growth with mobile pores attached to 
the grain boundary may ultimately give rise to 
abnormal grain growth as pore velocities are more 
strongly dependent on pore size than the bound- 
ary velocities are on grain size [25]. In the course 
of the process where grain growth is accompanied 
by pore growth, pores may separate from the grain 
boundaries and abnormal grain growth may start. 
The latter growth mechanism, where the pore 
mobility finally controls the grain growth rate, has 
been established in the preceding stage. Ultimately 
this mechanism may lead to coincident local 
situations, where large pores are attached to the 
boundaries of large grains in a relatively fine- 
grained boundary. This ends in the grain boundary 
abandoning the pore and the grain starts growing 
uninhibited. Abnormal grain growth is, therefore, 
the logical consequence of normal grain growth in 
a system with mobile, growing pores. 

The assumed appearance of abnormal grain 
growth in the temperature region l l 0 0 < T <  
1200 ~ C may be supported by applying Equation 3 
and using the connected theoretical value n = 1. 
Fig. 10 shows a plot o f ln  (G -- Go) against 1/T for 
a value Go = 50 nm. This value, at which the curve 
of Fig. 8 starts to deviate perceptively, indicating 
the onset of pore control, has been chosen more or 
less arbitrarily (it should be noted that the exact 
choice of the Go value only influences the in 
(G -- Go) value for T = 1100 ~ C appreciably and, 
consequently, not the slope of the graph). From 
Fig. 10 a value for AE of 450kJmol  -t is esti- 
mated for n = 1. It should be noted, that plotting 
of the data, using n = 2 to 4 all yield physically 
impossible high values for AE, thus excluding 
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Figure 10 In (G -- Go) against l IT  plot 
for grain growth in the temperature 
region 1100 < T< 1200~ 

other grain growth mechanisms. From the above, 
mainly circumstantial evidence, we tentatively 
conclude abnormal grain growth to be the 
operating mechanism in the region 1100< T <  
1200 ~ C. 

The stage 1200-1500~ (Fig. 8) can be 
associated with normal grain growth. Abnormal 
grain growth, observed in the previous stage, 
ceases when abnormally growing grains start to 
impinge on each other. Their comparable sizes 
now produce rather flat grain boundaries, which 
eliminates the driving force for fast growth. The 
rate controlling process in grain growth can be 
expected to be the boundary mobility, since 
porosity is nearly eliminated in this stage (Fig. 6). 
For boundary control of grain growth, Brook [23] 
derives n = 2 to 3, depending on the extent of 
segregation to the boundary. Assuming the 
necessary segregation to keep up with the grain 
boundary in the previous stage of abnormal grain 
growth, the elementary process involving grain 
growth is the same in both mechanisms and the 
obtained value for AxE may be used to estimate the 
growth exponent n, using Equation 4 and Fig. 8. 
This yields n = 3, which indicates preferential 
segregation in a system exhibiting normal grain 
growth. Indeed recent investigations in the 
authors' laboratory [27] have shown that the grain 
boundaries of Zro.ssYo.lvO1.gsls ceramics are 
enriched in y3+. 

The temperature region 1 5 0 0 < T < 1 6 0 0 ~  
,again reveals a notable increase in the slope of the 
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grain growth curve, which may be indicative of the 
occurrence of a second stage of abnormal grain 
growth. The sample sintered at 1550~ a tem- 
perature lying in the middle of the region con- 
cerned, reveals a microstructure which is indicative 
of an abnormal grain growth mechanism: several 
areas all through the sample show the presence of 
strongly coarsened grains, bounded by a population 
of significantly smaller grain sizes. Fig. 11 gives an 
example of this phenomenon. Further evidence of 
the occurrence of abnormal growth at < 1600~ 
was found in the microstructure of samples 
sintered at temperatures exceeding 1600~ [1] 
showing pores which have become detached from 
grain boundaries, resulting in a coarse grained 
structure with small intra-granular pores. The 
onset of abnormal growth at 1500~ might be 
initiated when the previously noted impurity 
drag effect ceases as a result o_f increasing grain 
boundary velocity of the growing grains. Finally 
at 1600~ grain growth reverts back to normal 
when the abnormal grain boundaries impinge on 
each other. 

3.4. Discussion of  calculated act ivat ion 
energies 

The calculated activation energy for grain growth 
of 450 kJ tool -1 must be compared with literature 
values, obtained from sintering experiments. Grain 
growth implies the diffusional jump of constituent 
ions across the grain boundary. According to 
Kingery [28], the energy of activation AxE for 



Figure 11 Scanning electron 
micrograph of a sample sintered 
at 1550~ showing anomalous 
growing grains. 

grain growth should be intermediate between AE 
for grain boundary diffusion and lattice diffusion, 
and mostly approximates AE for grain boundary 
diffusion. 

A literature survey shows cation diffusion to be 
the slowest: e.g. for lattice diffusion of Z r  4+ and 
Ca 2+ in the system 0.16 Ca0-0.84 ZrO2, AE values 
of 387 and 421kJmo1-1 respectively have been 
measured [29]. In the solid solution 0.16 Y203-  
0.84 ZrO2, interdiffusion experiments reveal a 
lattice diffusion AE for Zr  4+ of 391kJmo1-1, 
which is insensitive to the level of dopant. For 
grain boundary diffusion in the same material Zr 4+ 

experiences AE=309kJmo1-1  [30]; no data 
on y3+ diffusion are reported. The measured 
value of 450kJmo1-1 can be regarded as an indi- 
cation of y3+ lattice diffusion to the be slowest 
process, associated with grain growth. AE has not 
been reported for y3*, but can be expected to 
exceed the value for Zr 4§ considering the larger 
AE found for Ca 2+ lattice diffusion. 

The activation energy, estimated for grain 
growth in the temperature region 1100 to 1200 ~ C 
resembles lattice diffusion values, and not as 
expected grain boundary diffusion. The reason for 
this deviation might be the implicitly assumed 
independence of AE for grain growth on grain 
size. A small grain size means a small radius of 
curvature of the grain boundary. Consequently, at 
strongly curved boundaries one side will be 
enriched and the other side impoverished in 
vacancies [28]. This impoverishment may cancel 
out the beneficial effects of grain boundaries on 

diffusion. Since grain growth involves the diffusion 
jump of an ion from the vacancy-impoverished to 
the enriched side of the grain boundary, the 
environmental situation of the jumping ion at 
small grain sizes approximates more the bulk 
situation, and therefore AE approaches the value 
for lattice diffusion. This effect would not be 
noted in sintering studies, since grain growth 
involves material transport across the grain bound- 
ary, while sintering implies transport along the 
boundary. Thus for sintering the grain boundary, 
being the faster transport route, is not blocked, 
but merely diverted to one side of the boundary. 
In this respect the activation energy found can be 
regarded as satisfactory, and does not conflict with 
the proposed grain growth mechanism. 

4. Conclusions 
The sintering studies show that understanding and 
control of grain growth is of utmost importance in 
the whole temperature region, but especially in the 
lower temperature areas. 

The microstructure of ceramics, produced from 
ultra-fine grained powders, having a normal grain 
size distribution after sintering, develops via a 
transient stage of abnormal grain growth, which is 
determined by the microstructural situation after 
compaction. 

In order to achieve high density and small 
ceramic grain sizes at low temperatures, the stage 
of abnormal grain growth, between 1100 and 
1200 ~ C, should be kept as short as possible. 

In the first stage of sintering, densification and 
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grain growth  are restr ic ted to the  internal  

aggregate micros t ruc ture .  Consequent ly ,  the  

originally uniform-sized pr imary  crystalli tes 

t ransform into a grain size dis t r ibut ion which  is 

ful ly de te rmined  by the original aggregate size 

distr ibut ion.  Since the larger grains in a size 

dis t r ibut ion are the  starting poin ts  for abnormal  

grain growth ,  relat ively large aggregates can be 

seen as a serious threat  to the  achievement  o f  fine- 

grained, dense ceramics.  Effor ts  must ,  the re fore ,  

be made  either to avoid the  presence o f  (large) 

aggregates, or to ob ta in  a narrow aggregate size 

dis tr ibut ion.  The key  to solving this p rob lem lies 

in cont ro l  o f  the  agglomerates and aggregates in 

the  starting powders .  
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