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7LIV PLÍNU ZACHICUréHO V PÓRECH Pfil SLINOVÁ Á 30LAKISACE 
EERASLLCKÍbH TfiLES 

Ignasio Amato 

Souhrn 

Byly vyšetřovány účinky nedlfundovatelaých plynů, zachy
cených v pórech keramických t ě l e s . Ukazuje se , 2e nr/difundova-
telné plyny zachycené v průběhu druhého ©tupne slinovacího pro
cesu v.pórech keramických tě lea nebrání materiálu, aby dosáhl 
vysokého stupně s l inut i ve výši 95-98 % teoretické hodnoty. 
V tomto případě vSek hutná keramická t ě l e s a obsahují stacionár
ní bublinky v rovnovážném stavu. 

Při růstu zrna jsou unášeny stacionární bublinky pohybem 
ť -únic zrn a shlukují se, v důsledku čeho vznikají rovnovážné 
bublinky při objemu větším, než je součet objemu primárních 
stacionárních bublinek. V. souhlase s energetickým polem hrani
ce zrn nastává ko3leacence bublinek přednostně-pó hranicích 
zrn, kde se bublinky spojují a vytvářejí velké iategranulární 
dutiny. Shora popaané chování bylo potvrzeno řadou pokusů e . 
kysličníkem uraaičltým. 

ВЛИЯНИЕ ГАЗА ЗАХВАЧЕННОГО 3 ПОРАХ В ТЕЧЕНИЕ СПЕКАНИЯ 
И СОЛЯРИЗАЦИЯ КЕРАМИЧЕСКИХ ТЕЛ 

Игжаако Амато 

Реавмо 

Вкло. осуществлено •еследовани* воедаястьжя недиффундч-
рователышх гааов, еахвачеяных в порах керамических тел. По-
хаанваетсс, что недюМдгнджровательнне гааву •ехьачеюшс ъ тю 
рьх керамкчасхжх тел в течеяяе второй степенх процесса лпека 
т » ' • • состввалл" арзпятстввя дли того, чтови потерна* мс7 
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достичь высохой плотности спекания в пределах от 95 до 98 Я 
теоретической величины. Но в этом случае плотные керамические 
тела содержат стационарные пузырьки в равновесном Состояния. 

Во время роста верен Стационарные пуаыръкн уносятся вслед
ствие движения границ зерен и эти пузырыси скопляются {хоалес-
цируют), вследствие чего доходит х образованию раЕ ^весяых пу-
аырьков с большим объемом, чем представляет сумма объема пер
вичных стационарных пуанрыеов-. В согласии с энерге^адёхаипо
лем границы верен обравуетЗГя коеЖ^^н^ж^^^рПЕЖо^пр^икущест--
венно на границах зерен, где пуаырыси соединяется и образуют 
большие межгранулярнке раковины. 

Выше приведенное поведение было подтверждено рядом опытов 
с двуокисыз урана* 

EINFLUSS DES WÄHREND DER SINTERUNG UND SOLAfllSATIO» 
DER KERAMISCHEN KÖRPER IN PORER AUFGEFANGENEN GA5BS 

Ignazlo Jkmtvto 

Zusammen^t ggung 

Es wurde die Untersuchung der Wirkungen von nlchtdiffun-
dierbareri, in Poren der keramischen Korper aufgefangenen Gase, 
durchgeführt. 

Es hat sich gezeigt , dass die wahrend der zweiten Etappe 
des Sinterungsprozesses in Poren der keramischen Korper aufge
fangene nichtdifundierbare Gase dem Material kein Hindernis in 
den leg legen ÜB den hohen Grad TOB 95 * - 98 % de« t e o r e t i sehen 
Wertes der Sinterungsdichte erreichen zu können« In diesem Fa l l 
eber enthalten die dichten keramischen Körper stat ionäre 
Bleschen in ausgeglichenem Zustand» 

B«sim Kornwachstua werden die s ta t ionäre Blasrhen ö'irch die 
Korngreczcnbewegung^n rctttgerissen und agglomerieren mit den 
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neuentstehenden ausgeglichenen Bläschen bei eines Inhalt ,der 
die Summe der primären stationären Bleschen überhöht. 

In Übereinstimmung-mit dem energetischen Korngrenzfeld, 
entsteht auf den Korngrenzon vorzugsweise die Koalessen::, wo 
sich d ie Bleschen verbinden und formen grosse intergvanulere 
Kavernen. 

Oben iussmaengefaates Verhalten wurde b&etstigt'durch 
eine ganze Versuchsreihe mit dem Urandioxyd. 
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THE KFIECT OF TSB GAS TRAPPED MTHUI POKES DUKIHG THE SIHTKEHG 

AHD TUB SOURIZATIOlf OF TUB CERAMIC BODIES 

Ignaaio naato, Turin, Italy - FIAT luclear-Dspt. 

The effacta of non-dlffusihla gasea trapped within the pores of the 

ceramic bodies were examined. I t i s shown that the non-diffusible ga

ses trapped during the second stage of the sintering process in the 

pores of the ceramic bodies do not hinder the aaterial to reach a high 

sinter density such as 95 - 96 X of the -theoretical ralue. In this ca

se, however, the dense caraaic bodies contain stationary bubbles in 

the equilibrium conditions. 

During tfaa grain growth, the grain boundary •oreaenta sweep the sta

tionary bubbles end these bubbles coalesce, originating new equilibrium 

bubbles with voluae larger than the sua of the voluae of the primary 

stationary bubbles. In accordance with the grain boundary energy f i e ld , 

the coalescence of the bubble occurs preferentially at grain boundaries, 

where the bubbles l ink and fox*, large intergrsnular cavit ies . 

The behaviour described was confinaad by a series of sxperiatents on 

urania. 

1 - Introduction 

The gas trapped in the pores at closure say inhibit the rate of pore 

closure (1 , 2 ) . This effect causes the dsnaLfication rate to decrease 

as density increases) in th is Una> Cools (3) has shown that nitrogen 
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(or a i r ) , argon and helium a t one atmosphere i nh ib i t s in te r ing of 

alLuBona to the theore t i ca l density and that theore t i ca l density is 

achieved i f the atmosphere i s hydrogen, oxygen or vacuum. Konsour and 

White (4) have shown that the diffusion races of gases trapped in the 

pores of the u rama sintered bodies control the pore evolution: i f the 

diffusion .is very fac t , a l l the pores shrink; i f the diffusion ie very 

alow, pores shrink un t i l the gas pressure ins ide them reach the value 

of 2 V/ r , where o i s the surface tension of the material and r i s the 

radius of curvature of the pore; in intermediate cases , gases diffuse 

Under a pressure gradient from samller pores (which wi l l shrink) to 

la rger pores (which wi l l grow). Axnato and Colombo (5-7) have shown that 

the occurrence of a regression of the f i r ed densi ty , ( s o l a r i z a t i o n ) , 

of steam and hydrogen sintered urania bodies i s due to the gases, o r i 

ginated from the organic compounds added to the powder in order to 

make eas ier the pressing operation; these gases are not able to d i f fu

se in the ceraaac bodies, and arc trapped in closed pores of the ma te r i a l . 

In conclusion, i t i s ascertained that the non-diffusible gases trapped 

in the closed pcrec aro responsible for the following phenomena: 

i . . to inh ib i t s in te r ing to the theore t i ca l densi ty ; 

i i . to generate a regression of the f i red density of the ceramic 

bodies submitted for long t ine at high temperature treatment. 

Scope of th i s paper i s a discussion on the mechanism which regulates 

the above s'jtntarized pbeaoaena. 
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2 - Ihe s in ter ing Inhibition originated, by the gas trapped within 

the pores 

A pore i s a place surrounded by solid material vhere no solid material 

exisits..When a re la t ive ly high has pressure exists in the pore i t 

is named bubble. An emulibnusi spherical bubble is a but t le where 

the gas pressure, p , i s balanced by a surface tension res t ra in t , V , 

2 
(in the range of 1000 erg/cm for ceramics}, such that the following 

relation be sa t i s f i ed : 

2 V 
p.. ~ J L (1 , 

where r i s the equilibrium radiuB for a bubble with gas trapped :-.x 

the pressure p,. 

Sov, the pore s ize d is t r ibut ion of the ceramic bodies submitted to.'*he 

s inter ing process is as shown in figure 1: i t i s apparent that the 

open porosity can be divided in' two fractions, one made cf ccrrse voids 

having diameters larger than 0.2 u. and one, the laree ro-'Oority, made 

with fine pores with diameters ranging from 0.2 U. to a value lower 

than tha detection treshold of the porosimeter, i . e . C.C4f*» . 

How, since the pores at the closure have a value of the internal pres

sure of non-diffusible gases cf about one atmosphere, i t is easy tc 

calculate the radius of the equilibrium bubbles, assuming, of course, 

that no grain growth and no pore coalescence occur during this step 

of the s in ter ing process. 

However, i t i s possible to write that a spherical bubble with a. non-dif 

fusible gas trapped within i t may shrink unt i l the following relation 

i s sa t i s f i ed : 
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i n i t i a l pressure of non-diffusible gases x i n i t i a l bubble volume -

• f i n a l pressure of non-diffusible gasee * f ina l bubble volume. 

Since the i n i t i a l pressure of non- d i f fus ib le gases i s approximately 

1 atmosphere, i t i e possible to v r i t e the following r e l a t i o n : 

1 at* x JLn r\ . - i ^ - x 4 - V r3 (2) 
3 • * *f '? f 

where r* i s the i n i t i a l radius of .he bubble and r - i s the radius of 

the bubble obtained when the in t e rna l pressure of n o n - ^ f f u s i b l e gaoea 

is half-need by the surface tens ion. 

So, for each diameter of the pore of the ceramic bodies submitted to 

the s in te r ing process, i t i s poss ib le through the r e l a t i o n (2 ) , t o ca l 

cule.te the value of the equilibrium bubble i.iameter. The Table 1 sum

marizes the values of equilibrium bubble diameter of each v.-.lufc of 

i n i t i a l pore diameter: i t can be seen tha t , f i r s t of a l l , the fijie 

porosity, which is the large majority, i s absorbed by the s in te red 

bodies nnd prro^jcal ly disappears, secondly, the c.aarsi-. porosity doen 

not disappear because i t ' r eaches the etiuilibrium bubble diameter v i th 

s izeable dimension of the bubble. 

The main conclusions that can be drawn from those consideration!! arc 

that n ceramic body vi th non-diffusible gases trapped in the pores may 

rr>.ch during t h e s in te r ing process fired density very near to the 

theore t ica l value (97-98# T.D.*. even i f f i red dens i t i e s equal to the 

theore t ica l value are theore t ica l ly impossible to achieve. 
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3 - Regression of f i r e d densi ty of ceramic bodies or ig ina ted by 

the equil ibrium bubbleo 

When the grnin growth occurs within t h e ' s i n t e r e d ceramic bodies , for 

ins tance , when the bodies are submitted for long time t c r. v igh tempe

ra tu re t r e a t w m t , the equil ibrium bubblela^y be swepl t c * he- ^r-.is 

boundaries and coalesce t oge the r . In t h i 3 case , however, nir.ee the 

bubbles, before the c o l l i s i o n , h*\ve the equilibrium pressure between 

the preBBure of non-dif fus ible gases trapped within the pores - ; J the 

pressure due t o the surface tens ion , a f t e r coalescence, since the new 

bubble rr.dius i s l a r g e r , the new equil ibrium 2 Jj'/r pressure must be 

lower. Conseguently, the re e x i s t s an excess pressure cr the g-is, not 

balanced by surface tens ion , which causes a s t r a i n f i e ld in the matrix, 

thereby s e t t i n g up a vacancy grad ien t , and vncancies diffuse in to the 

bubbles u n t i l the pressure i s again balanced by the s u r f e r tennicn. 

The net r e su l t then, a f t e r volume edjustment, i c thr.t the nev bubbles 

occupy n l a r g e r volume than the sum of the i n i t i a l bubbles and conse

quently the external dimension of the s i n t e r ed body tnust increr.ee. 

In order t c give c general- idea of t h i s swell ing phenomenon i t c?.n V 

3een tha t i f two equil ibr ium bubbles of errual volume co i l e sce , the 

radios of the new.bubble before the swel l ing, i s 1.26 r e , while the 

radius of the new CTUI l i b r i u n bubble, therefore a f t e r swell ing, o b t a i 

ned through the reso lu t ion of the following r e l a t i o n : 

2 (U-) {JhrT]) . (2JL) (-f* A (3) 
r « 3 , r e 3 

i s r « 1.41 r „ . 
e ° 

In order t o have >: b e t t e r knowledge of the coalescence and swell ing 
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phenomena, i t Le not needless to add t h e t , according to -the Bichols ' 

experiments (8) , the-coalescence i s * surface diffusion control led 

process, while the swelling requires volume diffusion of vacancies 

and so occurs at p. decidedly BIOWCTT r « t e , 

A confirmation of the above summarized behaviour has been obtained 

through some experiments performed on sintered, nrnnir; bod ies . While 

uran ia bodies without bubbles •• ubraitted to long time - high tempera

ture treatment increase the grain c*i/p e>rA the f ired densi ty ( f ig . - 2 ) , 

urania bodies with bubbles shov?, a f te r an ^pproprirte. Vxctil. t.rorvttr.ent, 

bubbles aligned according ' to •-. sor i of :•. three-dinenBional, l a rge ly 

in tergranular netvork ( f ig . },). Since the bubbles swell ing occurs by 

s t r e s s Induced vacancies diffusion, a lso in th i s ca8ev as in the creep 

rupture s tudies of Htilj a?»d Rimoer (9)> the aone of growing bubbles 

must be the grain boundaries; consequently i t can be seen that the 

growing bubbles nerge toge ther ' a t grain boundaries ( f i g . 4 j , ending 

up in twujroscopic'intergrar.ular cav i t i e s ( f i g . 5 ) . 

4 - Conclusions 

The oain conclusions drawn from the above speculat ive rew/Mka j . r t the 

following: • ' 

i . tne s ize of the poreo of t h e ceramic bodies submitted t o 

the s i n t e r i ng process i s such that non-diffusible gasep 

..xrapped in the pores do not prevent tha t the ceramic 

"bodies reach very high f i red densi ty (97-98% of the 

theoret ical value); however, these ceramic bodies have 

very s»al l equilibrium bubbles; 
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i i . when g r a i n ;»-owth occurs in dense ceramic bodies having 

e q u i l i b r i u m bubbles , the ma te r i a l s w e l l s and- the e q u i 

l i b r i u m bubbler coa lesce in l a r g e m t e r g r a n u l a r c a v i t i e s . 
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Table 1 - Equilibrium bubble diameters for different diameter of 

in i t i a l pore of the ceramic body submitted, to sintering 

treatnen.. 

In i t ia l diameter (. \*") Equilibrium diaseter 

o.oi 
0.02 
0.03 
0.04 
0.05 
0.06 
O.CTJ 

0.06 
0.09 

0.1 
0.2 

0.3 
0.4 
0.5 
0.6 
0-? 
0.8 
0.9 

1 
2 

4 
5 
6 
7 
6 

9 

10 
20 
30 

t.56 
4.42 
8.13 

12.52 
17.50 
23.01 
2S.99 
35.42 
42.27 

O.004'9 
C.0140 
0.0257 
0.0396 
0.0553 
O.0727 
O.0917 
0.112C 
0.1336 

O.156 
O.442 
0.813 
1.252 
1.750 
2.301 
2.899 
3.542 
4.227 

4.951 
14.004 
25.728 
39-501 
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. (Jctcr.-nin.-itioM onrrieU out through A;.;i::C0 Wincilow app i ra tn -

•it tii-noifi n i t ion i re 
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Fig. 2 - Urania bodies, without bubbles (thermal etched, 250 x) 

3gK ••'•'• . 7 - ^ 2 * ^ ^ ^ ' v "^ 

Fig. 3 -.Urania bodies at the initial bubble coalescence (thermal 

•;';;j.-;;;etchedti;-3bo-x);],;' '"••/•.;• 
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tig. 4 - Urania bodies during the bubbles alignment (thermal etched, 

750 x) 

r̂ ig. 5 - Intergranular cavities in sintered urani a bodies originated 

by equilibrium bubbles coalescence (thermal etched, 750 i) 


