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Abstrac t . The k i n e t i c s of the i n i t i a l s i n t e r i n g s t age of Ce02 

is studied by a new dilatometric technique in which the heating 
of the sample i s con t ro l l ed by i t s shrinkage r a t e . By t h i s 
technique the shrinkage character is t ica l ly takes place in " iso
thermal steps" which allows both the mechanism and i t s act iva
tion energy to be determined in a single experiment. The basic 
equations necessary to evaluate the shrinkage data are des 
cr ibed , and using these equations on the curves recorded to r 
Ce02 i t i s shown that the controlling mechanism for the i n i t i a l 
s intering stage for th i s oxides i s grain-boundary diffusion of 
Ce 4 + - ions with an ac t i va t i on energy of 119.4 kcal/mole (5.2 
eV). The corresponding diffusion coe f f i c i en t i s es t imated to 
vary between 8.5 x 10~17 - 3.1 x 10"1 5 cm2/sec (1005 - 1099°C). 
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1. INTRODUCTION 

Stepwise Isothermal Dilatometry (SID) is a new technique which 

has been proven to be very useful in sintering studies of 

ceramic powders (1,2). Compared to conventional dilatometry, 

where the sample is heated at a constant rate, SID has the 

advantage that both the controlling mechanism and the acti

vation energy can be accurately determined for the initial 

sintering stage in a single experiment. This has been demon

strated in previous publications for IK^d) and U02+x(2). The 

sintering behaviour of Ce02 powders is studied in the present 

work. From the experimental results obtained by this technique, 

it is concluded that the controlling mechanism of the initial 

sintering stage for Ce02 is grain-boundary diffusion of Ce-ions 

with an activation energy of 119.4 kcal/mole (5.2 ev). 

2. STEPWISE ISOTHERMAL DILATOMETRY 

A characteristic feature of the SID-technique is that the 

heating of the sample (powder compact) is controlled by the 

magnitude of the derived signal, i.e. the dimensional change 

signal dl/dt which can be produced by an electronic differen

tiator, »hen this signal is smaller than a preset limit the 

sample is heated at a constant rate, whereas the temperature is 

kept constant whenever the dl/dt-signal exceeds a second preset 

limit. The sintering thus characteristically takes place in 

"isothermal steps" (see Fig. 1) where the time span of each 

step depends upon the sintering rates and it can be controlled 

by the setting of the two threshold values. In the present 

study the setting was chosen according to previous experience 

(3) such that the time at the isothermal steps was sufficiently 

long to allow an accurate analysis of the recorded shrinkage to 

be made. 
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3. THEORY 

For each "isothermal s tep" in the i n i t i a l s i n t e r i n g s tage the 

densif icat ion can be considered to follow the expression: 

y = A l / l 0 = (K(T)*t)n ( l) 

where 

K(T> = A-T*8*DA-T-rp (2) 

In these equations 

1Q = initial sample lenght at the start of sintering 

K(T) = Arrhenius constant 

D = diffusion ciefficient (cm/sec.) 

r = particle radius (cm) 

T = surface tension (erg/cm^) 

Q = vacancy volume (cm3) 

A,n,p = constants whose values depend on the sintering 

mechanism, 

k = Boltzmann constant 

In order to apply this equation it is necessary that both the 

shrinkage and the time can be measured from the recorded curve. 

As the initial sintering stage, however, extends over several 

steps it is impossible to determine the absolute time involved 

in the single steps; thus the time variable must therefore be 

removed from Eq. (1) before it can be used directly. This can 

be done by differentiation, which gives 

y « OCW/W-y"*"-1) (3) 

where y is the shrinkage rate and N * 1/n. 
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Equation ( 3) can also be expressed as 

lny = In (K(T)/N) - (N-l)lny (4) 

and on plotting lny versus lny, both of which can be determined 

for any point on the recorded curve, a straight line will be 

obtained for each isothermal step. From these steps the value 

of N and thus n can be determined from the slope and K(T) from 

the intercept with the lny axis. 

On taking the logarithm on both sides of the Arrhenius ex

pression, we obtain 

In (K(T)) = InA - Q/RT (5) 

where A i s the pre-exponent ia l fac tor and Q the a c t i v a t i o n 
energy. Both can be determined by plot t ing the ln(K(T)) values 
found for the i sothermal s t e p s versus 1/T. F i n a l l y the d i f 
fusion coe f f i c i en t can be determined from Bq. (2) when K(T) and 
the p a r t i c l e s i z e of the powder i s known. In t h i s work the 
l a t t e r i s e s t imated from the s p e c i f i c surface area of the 
powder. 

EXPERIMENTAL 

The di latometric measurements were performed in a horizontal 
d i la tometer* in an oxygen atmosphere. The sample holder used 
was made of A l 2 0 3 . Cylindrical compacts were prepared by pres
s ing Ce02 (99.9% purity) powder a t 3 t / c m 2 which had already 
been m i l l e d for 50 h. This treatment i s assumed to produce 
nearly spherical par t i c l e s of uniform s i z e , which make the use 
of Eq. 1 reasonable . The green dens i ty of these compacts i s 
61%TD. The BET surface area of the powder was 4.59 m2/g. 

Netzsch Dilatometer type 402E 
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4. RESULTS AND DISCUSSION 

4.1. Controlling mechanism 

The shrinkage curves recorded for each isothermal step were 

fitted polynomially and the shrinkage rate was calculated as a 

function of the shrinkage (y) from the expression obtained. 

Plotting these according to Bq. 4, i.e. in a log y (shrinkage 

rate) versus log y (shrinkage) plot,a set of nearly parallel 

straight lines is obtained, as shown in Fig 2. From the slope 

of these lines an average value of n = 0.33 can be calculated 

from Eq. 4 indicating that the shrinkage kinetics of the ini

tial sintering stage of Ce02 is controlled by grain-boundary 

diffusion (5). This model has been recently rexamined and it 

was found to be still valid (6). A similar conclusion was 

reached in sintering studies on similar oxides with the fluo-

rite structure (1,2,7,8). 

In a previous study it was found by one of the authors that 

surface diffusion may contribute simultaneonsly with grain 

boundary diffusion (7). However this can affect only the very 

beginning of the initial stage. A technique has been described 

by D.L. Johnson (9) in which neck radius vs. shrinkage could 

reveal the surface diffusion contribution, but this technique 

is both time consuming and subject to experimental errors. 

Using this technique Bannister el.al (10) found that surface 

diffusion is negligible which support our findings that surface 

diffusion only affect the very beginning of the initial sin

tering stage. 

The ln(K(T)) values determined from the intercepts of the lines 

shown on Fig. 2 are plotted against 1/T in Pig. 3. A straight 

line is again obtained as expected from Eq. 5, which shows that 
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the i sothermal s t e p s considered a l l are governed by the same 
process and that they a l l belong to the i n i t i a l s i n t e r i n g 
stage. The act ivat ion energy calculated from the slope of th i s 
l i n e i s Q = 119.4 kcal /mole (5.2 eV) which corresponds we l l 
wi th va lues reported by Hatzke (11) for c a t i o n d i f f u s i o n in 
other f l u o r i t e o x i d e s : 5.6 eV for U02 and 6.5 eV for Th02 . This 
act ivat ion energy i s , however, much bigger than that reported 
for oxygen d i f f u s i o n in Ce02 (1.0 eV, see Ref. 12) and i t can 
be suggested that i t i s grain-boundary diffusion of the Ce-ions 
that controls the s intering rate in the i n i t i a l stage for this 
o x i d e s . To the authors1 knowledge a c t i v a t i o n energ i e s fcr Ce-
diffusion in Ce02 have not previously been published. 

4 . 3 . Diffusion coe f f i c i ent s 

The d i f f u s i o n c o e f f i c i e n t s for Ce-d i f fus ion were c a l c u l a t e d 
from the K(T) va lues determined for the i so thermal s t e p s ac 
cording to Bq. 2 using the surface area of the Ce02 powder to 
est imate the average part i c l e s i ze . The c o e f f i c i e n t s obtained 
ranged between 8.5 x 10~ 1 7 - 3.1 x 1 0 ~ 1 5 c m 2 / s e c for the tem
perature range considered (1005 - 1099°C). These va lues are 
comparable with those c a l c u l a t e d from s i n t e r i n g s t u d i e s for 
other f l u o r i t e structure oxides, for instance U02(1). 

CONCLUSIONS 

The experimental data obtained by using s t e p w i s e isothermal 
dilatometry suggest that the rate control l ing mechanism £or the 
i n i t i a l s intering stage of Ce02 i s grain-boundary diffusion of 
Ce-ions. The act ivation energy for t h i s process was found to be 
119.4 kca l /mole (5.2 eV) which agrees w e l l with the va lues of 
the act ivat ion energies for cation diffusion in other f luor i te 
oxides. For the temperature range 1005 - 1099°C the diffusion 
coe f f i c i en t s ranged between 8.5 x 10"1? - 3.1 x 10"*5 cm^/sec. 



- 10 -

REFF^ENCES 

1. M. EL-SAYED ALI, O. TOFT SØRENSEN and L. HALLDAHL (1982) 

In: Thermal Analysis, Proceedings of the Seventh International 

Conference on Thermal Analysis. Edited by Ed. B. Miller 

(Wiley, NY) 344-349. 

2. E. EL-SAYED ALI, O. TOFT SØRENSEN and L. HALLDAHL (1982) 

J. Therm. Anal. _2J5» 175-180. 

3. L. HÅLLDAHL and O. TOFT SØRENSEN (1981). in: Proceedings of 

the 2nd European Symposium on Thermal Analysis. Edited by 

D. Dollimore (Heyden) 186-190. 

4. F. THUMMLER and W. THOMMA (1967). Metall. Rev. _U' 69-108. 

5. R.L. COBLE (1958). J. Am. Ceram. Soc. 4±, 55-62. 

6. W.S. COBLENZE et al (1980). In "Sintering Processes, Materials 

Science & Research" (Ed. G.C. Kuczynski) Y^, 141. 

7. J.J. BACMAN and C? CIZERON (1969). J. Nucl. Materi. 3̂ # 271 - 285 

271-185. 

8. M. EL-SAYED ALI, R. LORENZELLI (1979) J. Nucl. Mater. ÉT7, 

90-96. 

9. D. LYNN JOHNSON (1969). J. Appl. Phys. 4_0, 192-200. 

10. M.J. BANNISTER and W.T. BUYKX (1977). J. Nucl. Mater. 6± 
57-65. 

11. HJ. MATZKE (1980). In: Nonstoichiometric Oxides.'Edited by 

O. Toft Sørensen (Academic Press, NY) 155-232. 

12. P. KOFSTAD (1973). Non-s toichiometry, Diffusion and Electrical 

Conductivity in Binary Metal Oxides (Wiley, NY), 276-283. 



- 11 -

Time, t 

I dl/dt signal 

Switch 1 
- Switch 2 

I l 

Fig. 1. Example of shrinkage and temperature curve recorded 

during stepwise isothermal dilatometry (SID) measurement. 

Fig. 2. Shrinkage rate versus shrinkage for isothermal steps 

during sintering of Ce02-powder compact. 
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Fig. 3. ^rrhenius constant (K(T)) versus reciprocal temperature, 

1/T, for sintering of Ce02~powder compact. 
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