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Microstructure and mechanical properties of 
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The methods used to prepare three spray dried yttria-zirconia powders have been shown to 
have a large effect on their behaviour during subsequent heat treatment and also on their 
resultant properties. Changes of morphology of the granules, their surface area, pore size 
distribution, porosity and compressive strength which occur during heat treatment have 
been determined. A concept of local densification was used to explain the observed changes 
in pore size distribution, where it was shown that distributions with pores smaller than 
60-80 nm resulted in significant pore enlargement during the early stages of sintering. 
A theory based on fracture mechanics explained the changes in compressive strength of the 
granules. 

1. Introduct ion 
Ceramic powders are widely used for many applica- 
tions. These include powders used as starting mater- 
ials for the production of traditional and fine ceramics 
[1-3], as materials for ultrafiltration [4], catalysts [5] 
and chromatography [-5, 6]. The powder character- 
istics required are dependent on the application, for 
example, in the production of fine ceramics it is desir- 
able to produce a sintered ceramic of low porosity and 
fine grain size, since these two factors influence the 
mechanical properties of the ceramic. In this case it is 
desirable that the agglomerates of particles that occur 
in most powders have low strength ("soft" agglomer- 
ates) so that they will deform and breakdown during 
the compaction process prior to firing, and thus not 
lead to residual porosity or excessive grain growth in 
the fired product [7-9]. However, agglomerates that 
are to be used as catalysts or catalyst support mater- 
ials, are required to maintain both high surface area 
and porosity at elevated temperatures. These two 
characteristics are also required for powders used in 
liquid chromatography, but in this case there is the 
additional requirement of high compressive strength, 
so that they can withstand the high pressures which 
are involved in the packing of columns [10]. 

The aim of this investigation is to produce spherical 
granules that have sufficient strength, surface area and 
porosity to enable their use in chromatography, 
and to investigate how the changes in morphology 
and properties, that occur during sintering, are 
determined by the method of preparation of the start- 
ing materials prior to spray drying. One yttria-zirco- 
nia powder was prepared from an original wet 
amorphous gel, the second from an attrition milled 
predried gel, and the third from a calcined crystalline 
material. 

2. Experimental procedure 
Two zirconia-8 tool % yttria powders were prepared 
by coprecipitation of a gel from a vigorously stirred 
mixture of aqueous solutions of zirconium tetrachlor- 
ide (assay 98%) and yttrium oxide (assay 99.9%) in 
HC1 with ammonia Fig. 1. The final pH was main- 
tained at 9. The gel was washed until free of C1- ions, 
and then divided into two parts, the first of which was 
used for the preparation of a slurry to spray drying 
(sample W) and the second was dried at 120 ~ and 
attrition milled in water for 3 h using 0.8 mm diameter 
zirconia balls (sample G). Both gels (17.0 -t- 0.2 wt % 
in water) were then spray dried using a Niro atomizer, 
with inlet and outlet temperatures of 280 _+ 5 and 
100 _+ 3 ~ respectively. The third powder (sample C) 
was a coprecipitated, zirconia-2.85mol% yttria 
spray dried precalcined (1000 ~ powder. 

Heat treatment of the powders was carried out at 
temperatures from 500 to 1400 ~ in air, at a heating 
and cooling rate of 50 ~ rain-1, with a 2 h soak at 
temperature. The morphology and granule size distri- 
butions were determined from scanning electron 
micrographs obtained for a Jeol JSM-840A scanning 
electron microscope (SEM). Transmission electron 
micrographs (Philips EM420) were used for the 
measurement of agglomerate and aggregate size distri- 
butions. A Zeiss particle size analyser was used to 
measure a population of about 2000 particles in each 
sample. X-ray diffraction traces (Rigaku) were used to 
identify the crystalline phases and also the crystallite 
sizes, which were obtained from the Scherrer formula, 
with corrections for the oq and 0{ 2 overlap, and instru- 
mental line broadening [11]. The specific surface area, 
from which the equivalent particle size was calculated, 
was determined by the Brunauer-Emmett-Teller 
(BET) method using a Micromeritics Gemini 2360. 
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Figure 1 Schematic diagram of the powder preparation route. 

A mercury porosimeter (Micromeritic Poresizer 9310) 
was used for pore size measurements for pores of 
diameter ~> 7.5 nm. The total porosity of the granules 
was calculated on the basis of their volume derived 
from these measurements and the volume occupied by 
the solid phase. The amount of pores smaller than 
7.5 nm and/or closed pores were found from the differ- 
ence between these two measurements. The compres- 
sive strength of the granules was determined by 
measurement of the densification of the powders as 
a function of increasing uniaxial pressure [7, 12, 13]. 
An Instron 4505 testing machine was used to compress 

the powders contained in a 10 mm diameter steel 
mould. The loading rate was 1 mm min i to a maximum 
load of 31.5 kN. The calculated compact density was 
corrected for elastic deformation of the mould and the 
powder. The compressive strength was found from 
breakpoints in a log-log plot of density versus log of 
the compaction pressure. X-ray diffraction (XRD) 
measurements of the lattice parameters were used to 
calculate the densities of the Y203-ZrO2 solid solu- 
tions [14], and the density of the gels were found to be 
3.71 __ 0.04 g cm- 3, using a pycnometer in ethyl alcohol. 

3. Results and discussion 
3.1. Powders before heat treatment 
There were significant differences between the physical 
characteristics of the powders that were used to form 
the granules, and also in the spray dried granules, as 
shown in Table I, and the morphology and size distri- 
butions as illustrated in Figs 2 and 3. Sample G (the 
dried attrition milled gel) was composed of porous, 
high surface area amorphous gel agglomerates made 
up of 5-7 nm particles [15], whereas C (the precal- 
cined powder) consisted of aggregates of fine, dense 
crystalline particles. C had a narrower particle size 
distribution, smaller particle size (Fig. 3) and a smaller 
specific surface area (Table I) than the powder G. The 
large granule size of the powder C after spray drying 
could be due to the use of a more concentrated slurry, 
in that a value of 14 vol % could easily be achieved in 
this case; whereas the slurries prepared from the gels 
exhibited a viscosity suitable for spray drying when 
they contained only 5-10 vol % of particles. Granules 
of G and C had similar morphology, in that they 
exhibited a distinct substructure in the agglomerates 
(Fig. 4), whereas granules prepared W (the wet gel) 
were characterized by smooth surfaces with some 
evidence of cracking. The latter granules had the high- 
est specific surface area and smallest total porosity. 

T A B L E  I Properties of the attrition milled and spray dried powders 

Property Sample G Sample W Sample C 

Attrition milled powders 
Range of agglomerate size, btm 0.02-0.74 
Agglomerate size, dso, pm 0.40 

mode, btm 0.09 
Specific surface area, m 2 g -  1 99.5 _+ 3.6 a 
dBET, nm 16.3 _+ 0.6 

Spray dried powders 
Range of granule size, pm 1.8-27.7 
Granule size, dso, btm 17.8 

mode, gm 6.4 
Specific surface area, m 2 g-1  93.5 _+ 2.9 
dBEw, nm 17.3 _+ 0.5 

Compressive strength, M P a  
Granules 0.15 _+ 0.05 
Agglomerates 125 ,+ 12 

Total porosity, vol. % 66.0 ,+ 1.4 
Amount  of pores > 7.5 nm 57.6 ,+ 1.3 
Phase composition, vol. % Amorphous  

1.2-26.6 
14.8 

5.6 
143.0 ,+ 5.7 

11.3 ,+ 0.4 

14.0 _+ 0.8 
132 4- 10 

33.0 ,+ 0.8 
7.0 ,+ 1.0 

Amorphous  

a ,+ denotes the confidence interval at a confidence level of 0.95 in the entire work. 
b m and t denote zirconia solid solution of monoclinic and tetragonal symmetry, respectively. 
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0.01-0.25 
0.14 
0.07 

14.4 ,+ 0.5 
68.4 4- 2.3 

3.7-77.8 
43.4 
16.0 
14.4 4- 0.5 
68.4 _+ 2.3 

0.26 ,+ 0.06 

63.9 ,+ 1.2 
54.7 + 1.4 
51.1 m + 48.9 t b 



Figure 2 TEM micrographs of the attrition rallied powders: 
(a) amorphous gel of sample G, (b) crystalline aggregates of 
sample C. 
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Figure 3 Cumulative particle size distribution curves for the attri- 
tion milled powders. 

The pore size distributions of the powders are 
shown in Fig. 5. Distinct pore populations were ob- 
served within the granules of G and C, which are 
formed from interagglomerate pores (G) and/or 
interaggregate pores (C). The larger agglomerate sizes 

Figure 4 Backscattered SEM micrographs of the granules after 
spray drying: (a) sample G, (b) sample C, and (c) sample W. 

and the broader agglomerate size distribution of the 
attrition milled gel (G), Fig. 3, resulted in larger pore 
sizes and a broader pore size distribution in the spray 
dried powder. The intraagglomerate pores in G were 
too small to be penetrated by mercury, as was indicated 
by results reported in [16]. This is also suggested 
by a small difference between the amount of pores 
intruded during the porosimetry measurement 
(d > 7.5 nm) and the total porosity (Table I). In the 
case of the powder W, in which each granule can be 
considered as one big agglomerate taken from granule 
G, only 7 vol % of the pores had diameters greater 
than 7.5 nm, and this is the reason for the absence of 
a distinct pore population in the pore size distribution 
curve for sample W, as shown in Fig. 5. The porosity 
of the agglomerates in G was 40.6 + 3.7% [16], which 
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Figure 5 Pore size distribution curves of the "as-spray dried" pow- 
ders: (a) cumulative curve, (b) derivative plot, A W/Alog d. 
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Figure 6 Compaction curves for the "as-spray-dried" powders. 

is close to the total porosity of the granules in sample 
W (33.0_ 0.8%). The apparent difference in the 
cumulative pore volumes measured for samples C and 
G is due to the system of units used, which could not 
take into account'che difference in real densities of the 
amorphous gel (3.71 g cm-3) and the crystalline ma- 
terial (6.07 g cm-a). If this is taken into account then 
sample G is similar to C. 

The compaction curves for the powders are shown 
in Fig. 6, which shows a large difference in strength 
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between the powders. This arises from the large differ- 
ence in apparent densities of the granules and the size 
of the particles within the granules (Table I). This 
difference can be predicted from theory, as shown 
below. 

An early theory for agglomerate strength based on 
the well known equation for the van der Waals' at- 
tractive force, Fatt, between two spheres of diameter, 
D, separated by a distance, L, in-terms of the Hamaker 
constant, A (10 .9 J), was developed by Rumpf [17]. 
By summing these forces for a particle assembly of 
volume fraction, ~, he obtained the strength, (~, of the 
agglomerate as 

1.1~ Fat t 1.1~ A 
r - ( 1 - ~ )  D 2 - (1-~b) 24L2D (1) 

Equation 1 shows the important part played by the 
particle packing; poor packing, which means the 
larger porosity produces poor agglomerate strength. 
The importance of very fine particle sizes is anticipated 
by Equation 1, because of the inverse dependence on 
particle diameter, D. 

A new theory based on fracture mechanics analysis 
has been proposed by Kendall [18], who derived the 
following equation for the agglomerate strength, or* 

o* = 15.6 ~j4F5/6F1/6(Dc)-l/2 (2) 

where ~* is the bending strength of a beam containing 
a through edge notch of length c, Fo is the fracture 
energy, F is the interfacial energy and D is the dia- 
meter of clean, smooth spheres from which the beam is 
composed. This equation shows the stronger influence 
of packing fraction, d?, the weaker dependence on 
particle diameter, D, and includes the effect of flaw 
size, c. 

The second break points for samples G and W 
(Fig. 6) can be attributed to the collapse of the gel 
agglomerates within the granules, and can be taken as 
evidence for the existence of agglomerate structure in 
the granules formed from the wet gel (W). The absence 
of a second break point in the crystalline material (C) 
is due to the increased strength of the aggregates. 

3.2. Heat  t r e a t e d  p o w d e r s  
Analysis of X-ray diffraction patterns obtained from 
yttria-zirconia gel after heating to 500 ~ showed the 
formation of a zirconia solid solution of cubic sym- 
metry. Differential thermal analysis (DTA) measure- 
ments showed an exotherm at 444 ~ which may be 
associated with the crystallization of gel to form this 
phase. 

Monoclinic zirconia, which was present in C as 
a result of attrition milling the tetragonal powder, was 
completely removed by heating the powder to above 
800 ~ 

Heat treatment resulted in a reduction of granule 
size (Fig. 7), the largest shrinkage was observed in the 
granules prepared from the predried attrition milled 
gel (G), which had also the highest original porosity. 
The smaller shrinkage observed in the granules pre- 
pared from the wet gel (W) can be linked with the 
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higher density of the starting granules (67 and 34% 
for granules W and G, respectively). The granules C, 
composed of crystalline material, showed even smaller 
shrinkage, even though the original porosity was high. 
This was due to the fact that calcination of the pow- 
ders to 1000~ prior to milling and spray drying 
had densified the aggregates, and therefore shrinkage 
could only commence at temperatures when sintering 
in between aggregates could occur. 

Fig. 8 shows the changes in surface area that ac- 
companied shrinkage. The equivalent particle size, 
dBE x (where BET is Brunauer-Emmett-Teller), to- 
gether with plots of granule size, crystallite size and 
agglomerate-aggregate size of the three powders is 
shown in Fig. 9. In all cases heating to 1400 ~ re- 
sulted in a reduction in surface area, and a corres- 
ponding increase of the equivalent particles size to 
that approaching the granule size. At temperatures 
below 800 ~ the coincidence between the equivalent 
particle size and the crystallite size for G and W indi- 
cates that the high specific surface area is controlled 
by the crystallite size in the agglomerates, whereas in 
sample C it is the aggregate size which is the control- 
ling factor. The large reduction in surface area exhib- 
ited by W indicates that the small crystallites present 
in originally very dense granules sinter easily, and this 
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Figure 10 Pore size distribution curves for granules prepared from 
aggregates of crystalline solid solution (sample C): (a) cumulative 
curve; (b) derivative plot. Conditions of heat treatment indicated. 

results in this sample densifying more rapidly than the 
other powders. 

Details of the sintering behaviour, together with 
changes in microstructure of these powders during 
heating can be obtained from analysis of the changes 
in pore size distributions (Figs 10-12). These show 
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Figure 11 Pore size distribution curves for granules prepared from 
the water washed, dried and attrition milled gel (sample G): 
(a) cumulative curve; (b) derivative plot. Conditions of heat treat- 
ment indicated. 
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Figure 12 Pore size distribution curves for granules prepared from 
the wet water washed gel (sample W): (a) cumulative curve; 
(b) derivative plot. Conditions of heat treatment indicated. 

that densification of the granules occurred by the 
elimination of the smallest pores. At temperatures 
below those at which rapid shrinkage took place, this 
was accompanied by an increase in the size of the large 
pores. Maximum pore growth was observed in the 
granules prepared from the wet gel (W), as shown in 
Fig. 12. In all samples this pore growth ceased when 
rapid shrinkage occurred. 

Pore growth during the initial stage of sintering of 
compacts composed of submicrometre size particles 
has been reported in a variety of powders [19-21]. 
The explanation of this phenomenon was given by 
Lange [22] on the basis of the pore co-ordination 
number distribution of an agglomerated powder, 
which defines the particle arrangement within the 
powder compact. The co-ordination number is the 
number of touching particles surrounding and defin- 
ing each pore. The intra-agglomerate pores have 
a smaller co-ordination number than the interag- 
glomerate pores. According to Lange's concept, 
during the initial stage of sintering, pores with a 
co-ordination number, R, smaller than the critical 
co-ordination number, Re, can disappear to produce 
dense regions. As regions densify, some pull away 
from another, because the local driving force for 
shrinkage is greater than average. The size of void 
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space between the denser regions and the co-ordina- 
tion number of these pores increases. If R > Ro the 
pores cannot shrink without grain growth and/or 
pore redistribution phenomena that reduce the co- 
ordination number of pores to values less than Re. 

Pampuch [8] explained the effect of powder pack- 
ing inhomogenities within the compacts on sintering 
in the terms of the transient hydrostatic stresses, which 
arose during sintering, due to the shrinkage rate diff- 
erential between rapidly shrinking regions (within ag- 
glomerates) and slowly shrinking regions (between 
agglomerates). 

Changes of the modal pore size of the granules as 
a function of temperature are shown in Fig. 13. There 
is only small pore enlargement within the granules of 
C. Comparison of the pore size distributions for the 
granules C with those for the granules G and W indi- 
cates that the probable reason for this was the lack of 
smallest pores in the granules C, due to the calcination 
process at 1000 ~ before attrition milling and spray 
drying and a very narrow resultant pore size distribu- 
tion. The presence of a large fraction of pores smaller 
than 60-80 nm seems to be very important in promo- 
tion of growth of the large pores. These pores were 
formed between single crystallites or between small 
assemblies of the crystallites. Such domains have 
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Figure 15 Porosity of the granules prepared from the wet water 
washed gel (sample W) versus temperature of heat treatment: curve 
A, total porosity; curve B, pores of diameter ~> 7.5 nm; curve C, 
pores of diameter < 7.5 nm and/or closed pores. 

a large excess surface energy which is the driving force 
of sintering, and can densify rapidly at very low tem- 
peratures. This is indicated by the volume decrease of 
the small pores in the pore size distributions shown in 
Figs 10-12 and  the relatively large pore growth within 
the granules W. The process of pore enlargement 
ceases at temperatures where the rate of grain growth 
exceeds the rate of pore growth, i.e. 1000 ~ for C and 
W, and 1100~ for G. 

In Figs 14-16, the v o l %  of pores of diameter 
< 7.5 nm, and/or  closed pores (curve c), is calculated 

by subtracting the measured vol % of pores with dia- 
meter > 7.5 nm (curve b) from the measured total 
porosity (curve a). These figures show that there is 
a very slight decrease in total porosity in the temper- 
ature range over which pore enlargement occurred. 
This indicates that pore enlargement takes place by 
a redistribution of pores sizes; i.e. elimination of the 
very fine pores in the agglomerates of samples G and 
W results in their rapid shrinkage, which, in turn, 
increases the size of the pores in between the 
agglomerates. This effect is most apparent  in 
sample W (Fig. 16) at temperatures below 800 ~ 

The redistribution of pore sizes below 800 ~ suggests 
that the process of surface diffusion and cohesion 
played a large part  in the densification of the regions 
of the small pore co-ordination number. In all sam- 
ples, at higher temperatures, there was a decrease in 
pores of size > 7.5 nm, which was accompanied by 
a decrease in the total porosity, until at 1400~ the 
pores detectable by mercury porosimetry were com- 
pletely removed and the powders contained only 
closed pores, or pores < 7.5 nm. The presence of 
closed porosity in the particles is shown in the scann- 
ing electron micrographs (SEM) of the cross-section of 
the granules in Fig. 17. The large defects in sample 
W probably originated from inhomogeneous shrink- 
age which occurred during the spray drying of the wet 
gel. These defects would also be expected to be respon- 
sible for the low compressive strength that was meas- 
ured in the granules of this powder sintered at 1400 ~ 
(Fig. 18). This is in agreement with Equation 2, which 
also indicates that the highest values of compressive 
strength determined for the granules W originated 
from their highest density over the temperature range 
up to 1300 ~ and from the smallest particles forming 
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the granules. The flaw size (closed pores) in C is 
smaller than those in G, and this again is reflected in 
the higher compressive strength of powder C when 
compared with G. 

Figure 17 SEM micrographs of the granules sintered at 1400 ~ for 
2 h: (a) sample C, (b) sample G, and (c) sample W. 
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Figure 18 Compressive strength of the granules versus temperature 
of heat treatment. Samples indicated. 
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4. Conclusions 
Three types of yttria zirconia granules have been 
characterized (W, G and C). Sample W was composed 
of granules of dense packed elementary particles of 
hydrous yttria-zirconia gel, sample G consisted of 
agglomerates of these elementary gel particles, and 
C was composed of aggregates of crystalline particles 
of yttria-zirconia solid solution. The powders were 
characterized by determining the changes in morpho- 
logy, specific surface area, pore size distribution, por- 
osity and compressive strength that occurred due to 
heat treatment. 

Prior to heat treatment, the granules of W had the 
highest density and majority of pores was < 7.5 nm. 
Both G and C had larger, but comparable, porosities; 
but the pore size and pore size distributions and sur- 
face areas in these two samples differed. 

The differences in the original morphologies of the 
granules affected their behaviour during heat treat- 
ment and also their resultant properties. Below 900 ~ 
the originally amorphous granules of W and G, had 
higher surface areas than the originally crystalline 
granules of C, but the latter were more thermally 
stable, and above 900 ~ had the largest surface area. 

Local densification by shrinkage of the smallest 
pores in dense regions of W and G resulted in some 
pore enlargement during the early stages of sintering, 
but there was no significant change in the total poros- 
ity; thus, the process of pore enlargement was due to 
a redistribution of pore sizes. The smallest scale of this 
effect was observed for the granules C, which originally 
showed a narrow pore size distribution without a sig- 
nificant fraction of pores smaller than 60-80 nm. It was 
shown that the presence of such pores was responsible 
for differences in the local densification rate, and pro- 
moted pore enlargement in the granules C and W. 

The compressive strength of the granules was de- 
pendent on the size of the flaws present in the sintered 
granules. In granules of the powders C and G, this 
could be related to the size of the closed pores, C having 
smaller pores and a higher strength. Whereas the low 
strength of W was attributed to the presence of large 
flaws which were probably introduced into the gran- 
ules during the spray drying process of the wet gel. 
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