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Abstract 

The dens([ieation Of A/203-Zr02  gels has been 
stmfied as a jimction ~)[ healing rate. The physical 
density ~[ samples undergoing sintering was deter- 
mined and their porosity measured by mercury 
intrusion. The shrinkage attd.flexural strengths ~?[the 
ceramics were determined. Flexural strengths ~[' 
550 600 MPa couhl he achieved with pressureless 
siHtering in the range 1575-1650C. 

Die Verdichtung t , o n  A/203 ZrO2-Gelen wurde als 
Funktiott der Heizrate untersueht. Die physikalisehe 
Dichte der gesinterten Prohen wurde hestimmt und 
ihre Porositdt mit Hi(['e der Queeksilherintrusion 
gemessen. Die Vo/umenabnahme und die Dureh- 
biegq/?stigkeit der Keramiken wurden bestimmt. 
Nach drucklosem Sintern hei 1575-1650C konnten 
Durchhiegq/?stigkeiten yon 550-600 MPa erzielt 
it'et'(/en. 

01l a 6tudi6 la dens(heation de gels d'A/203 ZrO 2 en 
./3nction de la vitesse de chauffage. On a pu d~;terminer 
/a densit~ ~ en eours de J?ittage: la porosit~ a ~'t~; 
mesurOe par in/vltration de mercure. Le retrait et la 
r~sistanee ~'t la .flexion de ces eOramiques ont OtO 
d~;terminOs. Des r~sistanees dt la .flexion de 
550-600 MPa ont c'~tO ohtenues par.[~'ittage naturel 
entre 1575 et 1650 C. 

1 Introduction 

A1203-ZrO 2 composites remain an interesting 
subject for materials researchers because of their 
industrial and scientific uses.l- ' ;  Sol-gel processing 
arose as a new technology for the fabrication of high 
quality composite ceramics and glasses; for complex 
oxides, it achieves ultrahomogeneous mixing of the 
several components on a molecular scale. Liquid 
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precursor technology offers processing advantages 
and gives flexibility in tailoring the composite 
chemistry to obtain the desired properties. 

A new preparative method for A1203-ZrO 2 
sol-gels from inorganic precursors has been devel- 
oped and described previously. 5 The mechanism of 
the sol gel transformation, the gel structure and its 
thermal decomposit ion have also been invest- 
igated. 6'7 The authors now report on the densific- 
ation of the gels during sintering and their physical 
properties after firing. 

Brinker & Scherer proposed that low-tempera- 
ture densification is contributed to by at least four 
mechanisms: s (i) polymerization-condensation; (ii) 
capillary contraction; (iii) structural relaxation, and 
(iv) viscous sintering. Skeletal densification can be 
achieved by both polymerization reactions and 
relaxation," i.e. the approach of the structure toward 
the configuration characteristic of the metastable 
liquid. It is expected that skeletal densification will 
make the greatest contribution to shrinkage for 
weakly crosslinked polymers; the Zr 4 + and A13 + gel 
polymers in this system are of this type. 6 The 
shrinkage will depend strongly on concentration, 
thermal history and temperature. 

Sintering is the final stage in the transformation of 
a gel to a ceramic monolith. The removal of residual 
impurities, such as water and anions other than 
oxygen occurs with polycondensation and gradual 
disappearance of pores in the gel accompanied by 
densification and leads, under opt imum conditions, 
to full densification. 

The sintering rate of a gel is typically orders of 
magnitude faster than amongst bodies comprised of 
conventionally crushed crystalline powders because: 
(i) the gel contains smaller particles or pores with 
diameters typically in the order of 2 9 mm, t° and (ii) 
gel densification during sintering is mainly achieved 
by viscous flow rather than by diffusion, as occurs in 
crystalline materials. 11 The main driving force 
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during gel sintering is the decrease of the large 
surface energy of the porous gel: at relatively low 
temperatures, sintering may be achieved and appre- 
ciable shrinkage can be observed even at extremely 
high viscosities. ~° The hydroxyl content of the gel 
markedly affects the viscosity: in general the higher 
the content of OH- ,  the lower will be the viscosity of 
a gel. 

However, during isothermal treatment at success- 
ively higher temperatures, water is lost progress- 
ively; the resulting condensation reactions will 
increase the crosslink density. Meanwhile, structural 
relaxation increases the skeletal density; these 
factors all lead to viscosity increases.12 Thus, during 
an isothermal hold, the viscosity of a gel can rise by 
orders of magnitude, causing the sintering to halt, 
so that full densification is not easy to reach at lower 
hold temperatures. Therefore, it is advantageous to 
increase the temperature to compensate for struc- 
tural relaxation and loss of OH- .  This suggests that 
the faster the heating rate, the lower will be the 
temperature at which densification is completed. ~° 
Nevertheless, the escape of volatiles cannot be too 
rapid as this will cause cracking. Pore closure may 
trap gases, which may later expand to cause serious 
bloating. If these problems can be avoided, densific- 
ation may be achieved before or concurrently with 
crystallization.~3 So, the opt imum heating schedule 
tends to be a compromise. Based on these findings, 
two groups of samples were prepared with different 
heating schedules. 

2 Experimental 

2.1 Sample preparation 
Two series of Al203-ZrO 2 sol-gels were prepared: 

Series A: 85"36% ZrO2 + 10-44% A1203 q- 4"2% 
Y203 (wt) 

Series B: 17.28% ZrO2 + 82'0% A120 3 + 0"72% 
Y 2 0 3  (wt) 

The main zirconia precursor was a sol, which, upon 
analysis, corresponded to Zr(OH)2.95(NO3)l.05 
(3"65M in Zr). 14 The alumina sol was A12(OH)sC1 
(6"17 M in A1, from Albright & Wilson Ltd, West 
Midlands, UK). The y3+  solution, intended as a 
crystallochemical stabilizer for ZrO2, was Y(NO3) 3 
(1"034 M in y 3  +). The mixed sol, with sufficient y3 + 
to achieve the target stabiliser ratio, was allowed to 
undergo gelation. The gels were aged at room 
temperature for one day, then pre-heated at 500°C, 
700°C, 900°C for 3h, to yield different powders, 
designated A500, A700, A900 and B500, B700, B900, 
respectively. Subsequently, all powders were ground 
in a zirconia automortar  to reduce aggregation 

arising during the pretreatments. Except for A900, 
the powders were non-crystalline. 

The powders were pressed under 295 MPa pres- 
sure at room temperature, with 1 min hold, to form 
pellets 13 mm diameter with thicknesses between 3"5 
and 4-0 mm. The pellets were dried at 110°C for one 
day and fired as follows: from 100 to 500°C with a 
heating rate of 120°C/h with 2h hold, then to a 
selected temperature (1425°C, 1500°C, 1575°C or 
1650°C) at a heating rate of 240°C/h with a 3h  
isothermal dwell time. 

The gel composition selected for density and 
porosity measurements had 84.1% ZrO 2 + 15"9% 
A120 3 (wt). It was aged for one day at room 
temperature, then heated from 100°C to high 
temperature with two heating programmes: (i) 
continuously heated from low temperature to high 
temperature in several steps with a 2 h hold at each 
intermediate temperature (referred to as 'slow 
heating'); (ii) heated from 100°C to 450°C at a 
heating rate of 450°C/h with a 2 h hold, then heated 
to the selected temperature at a rate of 1000°C/h 
with a 3 h hold (referred to as 'rapid heating'). 

2.2 Measurements 
The density was measured by using a density bottle 
with toluene as a displacement liquid. The theoret- 
ical density, D, of a mult icomponent system was 
calculated according to the following equation: 

O = ( m  1 -~- m 2--]-.-.--~ mn)/(V 1 qt_ V2 ~_...  q_ Vn ) 

where W I and V~, W 2 and V 2, to IV, and V, are the 
weight and volume fraction of the first, the second to 
the nth component  in the mult icomponent system, 
respectively. A simple equation can be deduced from 
above equation: 

D = 1/(milD, + m2/D 2 + " .  + m,/D,)  

where ml and D~, m 2 and D2, to m, and D, are the 
weight fraction and theoretical density of the first, 
the second, to the nth component,  respectively. The 
theoretical densities of alpha-A120 3 and tetragonal 
ZrO2 are taken as 3-987 and 5.945g/cm 3, 
respectively. 

Flexural strengths were obtained in three-point 
loading. The calculation of flexural strength Sf is as 
follows: 3 

sf  = 3eL/(2bh 2) 

where P is maximum load, L is span length of 
loading at two sides (which is 9 mm), h and b are 
height and width of cracking surface, respectively. 
This equation is valid only if a linear elastic stress 
distribution is assumed in the bending member. 

A Micromeritics 9300 porosimeter was used to 
determine porosity changes; it is capable of exerting 
a maximum pressure of 207 MPa (30000psi). The 
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specimens were immersed in mercury in a sealed 
system; by applying a pressure to the mercury it 
ingressed the pores in the specimens at a rate 
dependent on the pore size and pressure of mercury: 
the mercury contact angle is taken as 140 ° . 

3 Results and Discussion 

3.1 Densifieation of gel during sintering 
Z r O 2 - A 1 2 0 3  gel forms by the hydrolysis and 
polymerization o fZr  '~+ and A13 + at low pH by acid 
catalysis. 5'6 This leads to formation of gels having a 
finer, denser structure. This structure is not particu- 
late, but consists of comparatively linear, lightly 
crosslinked polymeric clusters. ~t When these gels 
are heated, hydroxyl groups are removed by 
condensation reactions, leading to a large weight 
loss. s7 These reactions produce new crosslinks and 
stiffen the structure. 

Figures 1 and 2 show how A 1 2 0 3 - Z r O 2  gel 
density, micropore volumes and specific surface 
areas change at different temperatures during 
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Fig. I. Gel density at different temperatures, see text for details. 
(a) Slow heating; (b) rapid heating. Relative accuracy of 
determinations, which are themselves the average of three 

determinations, is +0"048 density units. 
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Fig. 2. Pore volumes (d < 50 nm) and specific surface at different 
temperatures: (a) pore volume slow heating; (b) pore 
volume-rapid heating; (c) specific surface-slow heating; (d) 

specific surface-rapid heating. 

sintering. Results are discussed first for the 'slow- 
heated' samples. 

At 100°C, the gel lost about 50% of its initial 
weight. 5 The pores contract rapidly because of 
strong capillary forces. The density increases from 
1.56g/cm 3 at room temperature to 2.71g/cm 3 at 
100°C; see Fig. l(a). At 200°C, the gel lost a further 
6% weight, but did not change its structure 
significantly. The density increases from 2.71 g/cm 3 
at 100°C to 2.86g/cm 3 at 200°C. When rewetted 
after drying at 200°C, the heated gel will still 
redisperse and gelatinize, although instead of giving 
a clear solution, it gives a milky dispersion because 
of the heterogeneous nature of the resulting 
dispersion. 

At 300°C, the gel structure was destabilized: most 
of its NO~- and H20 were lost and it would no longer 
gelatinize when redispersed in water. Large increases 
in density occur: from 2.86g/cm 3 at 200°C to 
3"82g/cm 3 at 300°C. These arise from rearrange- 
ments in the gel structure. Hydroxyl groups and 
anions are removed by condensation reactions, 
leading to a large weight loss. These reactions 
produce more new crosslinks and stiffen the gel 
structure, with the result that the gel becomes 
physically much harder after heating at 300' C. 

At 400°C, the gel loses almost all its remaining 
OH-  and anions; further structural rearrangement 
takes place, allowing the solid phase to densify and 
increase in viscosity. Mercury porosimetry shows 
that the volume of large pores, above 0.15 pro, is 
always very small. Therefore changes in the volume 
of large pores during heating are not significant. 
Below 0' 15 pro, the accessible pore volume does not 
change very much; the bulk density continues to 
increase. 

During desiccation the polymer clusters in the gel 
are compacted and further crosslinked until the gel 
network can resist the compressive action of surface 
tension, at which point further densification leads to 
the creation of porosity. 13 However, the specific 
surface area and cumulative porosity with diameters 
< 50 nm in the low temperature ( < 400°C) product, 
shown in Fig. 2(a) and (c) is quite low. One possible 
explanation is that the gel structure is not stiff; it 
collapses during intrusion when high pressures are 
applied. Another possibility is that, owing to the 
difficulty of drying, some liquid is still present in 
pores, thereby blocking access by mercury. A third 
possibility is that much of the residual porosity is 
isolated: the volume of this hypothetical porosity is, 
however, temperature-dependent. It is also note- 
worthy that the intrinsic gel pores range in size 
between 2 and 9 nm, l° and mercury intrusion, which 
can only detect pores greater than 7 nm, may not 
access much of the gel porosity. Thus, during 
sintering, the amount  of porosity could be quite 
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significantly greater than the accessible porosity. 
This is particularly so during the early stages of 
heating, before crystallization occurs. Prior to 
crystallization, it is difficult to compare density and 
porosity functions, because the mass is changing 
continuously and the true density of particles-- 
decomposed gels---cannot be measured or predicted. 
However, once crystallization has finished, or nearly 
so, the situation is more amenable to analysis. 

The XRD, IR and density results disclose that 
densitication continues, 7 but that no significant 
structural changes occur up to 800°C. Figure 2(a) 
and (c) show that specific surface and cumulative 
porosity with diameters <50nm decreases gradu- 
ally. However, the density decreases somewhat in 
this range; from 4.82 g/cm 3 at 800°C to 4.70 g/cm 3 at 
90ffC. XRD results show that the gel begins to 
crystallize at 800°C. 7 At 900°C, as crystallization 
proceeds, the crystallites grow markedly in size, 
which may be the cause of the lowered density, 
although the mechanism is unclear. 

During continuous heating to higher temperature, 
gel densification continues as shown in Fig. l(a): 
surface and porosity with diameters < 5 0 n m  
decrease. It is possible that another region of density 
decrease occurs in the range 1100-1200°C; from 
5"22 g/cm 3 at l l00~C to 5"05 g/cm 3 at 1200°C. The 
principal change in structure between these tempera- 
tures is the transformation of ZrOz(t ) to ZrOz(m ). 

From 1200~C to 1450°C, the volume of large pores 
remains essentially unchanged, while both the 
volume of smaller pores and specific surface 
continue to decrease gradually while the density 
increases. 

The gel is virtually free of large pores, > 0"15 #m. 
This situation continues during heating: the gel 
shrinks and densities without formation of large 
pores. The cumulative porosity graph, Fig. 2, shows 
an apparent reduction in accessible porosity with 
continued heating, but does not give a complete 
picture of the pore size distribution. It is, however, 
sufficient to show that the gels can undergo sintering 
and densification without development of coarse 
pores and, as they evolve ceramic structure, the 
accessible porosity shifts towards a finer pore 
regime. 

It is better if densification can be completed before 
crystallization occurs, because the densification rate 
controlled by viscous flow in the gel sintering is 
orders of magnitude faster than by diffusion during 
conventional sintering of crystalline materials. ~ o,15 
Therefore, the most favourable course for densific- 
ation of a monolithic gel is to sinter to close to full 
densification but retain some ability to accommo- 
date further shrinkage arising from progressive 
crystallization. All samples in these experiments 
were heated from 100°C to high temperature in 

several steps with 2 hour hold at each intermediate 
temperature, so the bulk of the crystallization 
occurred after the gel had become rather rigid. The 
most important factors that can be used to control 
the degree of crystallization are composition, 
microstructure, applied pressure during sintering, 
physical inhomogenities, such as clusters or chem- 
ical dopants and the extent to which heterogeneous 
nucleation occurs. Reducing the pore size or 
applying pressure during sintering speeds sintering 
without significantly affecting crystal nucleation or 
growth. 16'17 Hot pressing during sintering is often 
used, but is not necessarily the most desirable 
solution to achieve good densification: indeed, 
densities of 4.87-4.97 g/cm 3 were obtained before 
crystallization occurs from essentially non-crys- 
talline dehydroxylated gels simply by optimizing 
the heating programme by correlating data obtained 
on porosity and phase development with density. 

Figure l(b) shows density changes of 'rapidly- 
heated' samples above 700°C. A density decrease 
occurs at 900°C, but without a decrease at 1200°C. It 
is possible that sintering with rapid heating rate at 
high temperature compensates for the adverse affect 
of the phase transformation in zirconia on density. 
The density increases gradually from 900°C to 
1450°C. It achieves near-theoretical density at 
1450~C (5"42 g/cm3), supporting the view that it is 
generally preferable to sinter gels at rapid heating 
rates to achieve densification which will shorten 
sintering time and enable full densification to be 
achieved at relatively low temperatures. 

However, excessively rapid heating will also cause 
trapping of evolved gases that can crack or bloat the 
gel. Figure 2(b) and (d) show that rapid heating 
results in both an increase in pore volume with 
diameter 7 ~ 50 nm and specific surface (for pores 
with diameters greater than 7 nm). Therefore, it is 
suggested that the heating rate in this research may 
not be the best compromise and may be slightly too 
rapid. However, the specimens used were physically 
small; for large specimens, the physics of heat 
transfer and consequences of differential tempera- 
tures will also need to be addressed, so the schedules 
used may indicate what can be typically achieved 
with larger specimens. 

3.2 Physical properties changes of Al2Oa-ZrO 2 
composites during sintering 
The physical properties such as density, shrinkage 
and flexural strength of final fired AlzO3-ZrO 2 
composites derived from sol-gel processing depend 
strongly on composition, preparation and heating 
programme. Figure 3 shows that shrinkage occurs 
from 1400°C to 1575°C, but slows after 1575°C for 
A700 and A900 samples. However, the course of 
shrinkage for A500 is different: it is increased sharply 
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Fig. 3. Shrinkage versus temperature, AI203 ZrO 2 gel, series 
A. The error in shrinkage is estimated to be _+0.61%. 

by firing at 1575C but decreased after further 
firing at 1650 C. In addition, for the same firing 
temperature, shrinkage increases in the order: 
A 5 0 0 >  A 7 0 0 >  A900. Figure 4 gives apparent  
density changes of series A samples after firing at 
different temperatures, which shows much the same 
order as in Fig. 3. Data for the density-temperature 
curves of both A500 and A900 almost overlap at 
lower temperatures, but separate at 1575°C: A900 is 
still increasing in density while A500 is decreasing. 

Since gel densification begins from the smallest 
particles, attempts were made to examine particle 
size by TEM: ~s they increase in the order 
A900 > A700 > A500. If small particles provide the 
large driving force for densificatiom the rate of 
densification predicted from this criteria will be 
A 5 0 0 > A 7 0 0 > A 9 0 0 .  On the other hand, the 
densification rate is much faster when transport 
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Fig. 4. Apparent density versus temperature, A1203-ZrO 2 gel, 
series A. The densities were measured by toluene displacement 

and are accurate to _+0.051 density unit. 

occurs by viscous flow than by diffusion. A900 
contains crystalline material (with some amorphous 
phase), but AS00 and A700 precursors are almost 
entirely amorphous /  Therefore, densification of 
A900 is the slowest of the series. It is suggested that 
densification of A500 is completed between 1575 
and 1650 C, but that densification is destroyed at 
165OC because of over-firing, which may lead to 
coarsening of crystalline particles and a second 
recrystallization with discontinous or exaggerated 
grain growth. 

Chemical decomposition of these gels is essen- 
tially completed at 40OC?  they begin to crystallize 
at 8 0 0 C  and their density temperature curve 
achieves the first concave portion at 900' C; see Fig. 
1. The gel densifications after firing at 500C and 
900 C are very similar, so the curves, A500 and 
A900 almost overlap below 1575C but diverge at 
and above 1575' C. The apparent density of A900 is 
still increasing at 1650"C, while that of A500 is 
decreasing. Therefore, A900 needs the highest 
temperature to achieve complete densification. 

Series B samples behave differently; Fig. 5 shows 
the shrinkages for BS00, B700 and B900, which have 
the same tendency: the shrinkages increase in the 
order B500 > B700 > B900. However, comparing 
apparent density-temperature curves, B900 is inter- 
mediate, between B500 and B700, as shown in Fig. 6. 
X-ray diffraction patterns show that all three (B500, 
B700, B900) are amorphous until they begin to crystal- 
lize at 1000 C. 18 Therefore, in the A 1 2 0 3 - Z r O 2  gel 
system, the higher the content of A120 3, the higher the 
temperature at which crystallization occurs. A120 3 
significantly retards the crystallization of ZrO2,18  

probably by acting as a grain growth inhibitor for 
zirconia. ~9 On the other hand, A I 2 0  3 needs a higher 
temperature to crystallize than Z r O 2  .18 Therefore, 
the mechanism of densification for B500, B700 and 
B900 is primarily viscous flow; the main difference 
between B500, B700 and B900 is in particle size. 
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Fig. 5. Shrinkage versus temperature, A1203 ZrO 2 gel, series B. 
The error in shrinkage is estimated to be _+0.29%. 
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The flexural strength is shown in Figs 7 and 8. For 
series A materials, the best pretreatment tempera- 
ture is 700°C, in terms of achieving the highest 
flexural strengths. For A900, densification was slow 
and crystalline particles coarsened rapidly during 
sintering at high temperature. For A500, densific- 
ation occurred rapidly because of its very high 
specific area, resulting from low pretreatment 
temperature. After sintering, A500 may still retain 
some pores, on account of its very low initial green 
density. Its flexural strength and final density, 
therefore, are relatively low. In series B, the 
development of flexural strength after sintering at 
different temperatures correlates well with shrinkage 
and apparent density changes, with B700 giving the 
best results. 

The deviation of the flexural strength is given in 
Table 1. Ten specimens were used for each firing 
cycle. The highest and lowest values were discarded 
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Fig. 7. Flexural strength ofA1203-ZrO 2 ceramics derived from 
sol gel, and fired at different temperatures (series A). Standard 

deviations are given in Table 1. 
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Fig. 8. Flexural strength ofA1203-ZrO 2 ceramics derived from 
sol-gel, and fired at different temperatures (series B). Standard 

deviations are given in Table 1. 

and the remaining eight values used. The deviation is 

d = (ISrl - SI + ISf2 - SI +" "  + ]Sfn -- SD/(nS) 

where S, n, St1, Sr2 to Sf, are the mean flexural 
strength, number of replicate specimens, the flexural 
strengths of the first specimen, the second specimen, 
etc. and the nth specimen, respectively. Except for 
A500 samples, the deviations are reasonable; most 
are below 0.10. 

The flexural strengths of series A are generally 
much higher than that of series B, because series A 
contains much more stabilized tetragonal ZrO2. 
Compared to series A, series B powder precursor 
needs higher temperatures or longer sintering times 
to achieve satisfactory densification and good 
flexural strengths. 

The flexural strength results are probably not 
optimal, because of the relatively low green densities. 
Figures 4 and 6 show that the green densities of all 
samples are too low; after final sintering at different 
temperatures, the apparent densities are still much 
less than theoretical densities. But the flexural 
strengths are still higher than that of normal 
ZrOz-A1203 composites, which lie in the range 
400-550 MPa 2° and are in flexural strength range of 
Y-PSZ ceramics, which are about 500-800MPa. 1 
Practical ceramics can thus be obtained using sol-gel 
processing, without the need to hot-press. 

4 Conclusion 

Gel densification is orders of magnitude faster than 
densification of conventionally crushed and mixed 

Table 1. Standard deviation of flexural strengths 

Firing Samples 
temperature 

(° C) A500 A700 A900 B500 B700 B900 

1 500 0'343 0"099 0"118 0"099 0-043 0-109 
1 575 0"168 0-074 0'060 0"082 0"047 0"098 
1650 0'196 0-050 0'325 0"080 0"043 0"112 
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crystal l ine powders  because  o f  viscous flow sintering 
mechan i sm and its high specific surface area. The  
densi ty  increases gradual ly  dur ing  hea t ing  f rom low 
to high tempera ture ,  bu t  there  are two concave  
por t ions  at 900°C and 1200°C, respectively. Cry-  
stal l izat ion and phase  t r a n s f o r m a t i o n  are p r o b a b l y  
responsible  for  the first and second decreases,  
respectively. 

The  shrinkage,  a p p a r e n t  densi ty  and  flexural 
s t rength o f  ZrO2-A1203  gels dur ing  sintering is 
dependent  s trongly on the p re t rea tment  t empera-  
ture and  firing tempera ture .  The  higher  the pre t rea t -  
ment  t empera tu re ,  the lower  will be the shrinkage.  
Af te r  c omp le t e  d e c o m p o s i t i o n ,  the h igher  the 
p re t r ea tmen t  t empera ture ,  the higher  becomes  the 
tempera ture  necessary to achieve comple te  densifica- 

tion. If  p r e t r ea tmen t  causes crystal l izat ion,  the 

subsequent  densif icat ion is m u c h  slower and mu ch  
higher  t empera tu res  are required to achieve com-  
plete densif icat ion.  G o o d  f lexural  s t rengths  in 
ZrO2 A1203 composi tes ,  using sol gel processing,  
can be achieved by app rop r i a t e  p r e t r ea tmen t  and 
sintering p rogrammes .  
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