
1 ύ ί ' , ί . Ι » 

"JMIKSÖK'KK H,iJtiií.'i.!,i-)i. i-.r-ii.irtii 4i'<'í''*vJ 

REPRINT 
S, tilluft - H » <»ΪΗ·Ι 

•!W¡l9íWi«iÍLV>8 

EUROPEAN ΑΤΟΜΚ 

»χ. ,ii •M-iÆi'TfWffl;.v·. 
•SSiK fi 'li' 

EUROPEAN ATOMIC ENERGY COMMUNITY  EURATOM 

BPPWBK f i f e 

iilMliilÉ 
. j r^_ « A * 

IP'SpIflfrlFFUSION OF Pu IN U02 fff 

« ¡ « Β ' R. LINDNER F. SCHMITZ 

l i l i l í » (Eatom) (Technical University Braunschweig) I B 
Wil fui "i

r
>; 1 

■ 1 

% ■ " « ^ WSBBfc ITC ti
:
3ii»i*

!! 

: ! ·^ΙΤΙΙΙΠΙ»Η 

Uk»d 

¿»¡ω' iö/iHi... ϊίι m 
Joint Nuclear Research Centre 

Ispra Establishment (Italy) 

iE Chemistry Department 

Reprinted from 
RADIOCHIMICA ACTA 

Vol. 1, No. 4 - 1963 pW.Wll'VU 



This document was prepared under the sponsorship of the Commission of the European 

Atomic Energy Community (EURATOM). 

II i: 
Neither the EURATOM Commission, its contractors nor any person acting on their behalf: 

lo — Make any warranty or representation, express or implied, with respect to the accuracy, 

completeness, or usefulness of the information contained in this document, or that the use 

of any information, apparatus, method, or process disclosed in this document may not 

infringe privately owned rights; or 

io _ Assume any liability with respect to the use of, or for damages resulting from the use of 

»•ην information. aDDaratus. method or processdisclosed in this document. .¡ÌÌÉÌJU 

Mk 

Mïmmmîë 
This reprint is intended for restricted distribution only. It reproduces, 

by kind permission of the publisher, an article from "RADIOCHIMICA 

ACTA", Vol. 1, N° 4  1963  218220. For further copies please 

apply to Akademische Verlagsgesellschaft, Holbeinstrasse 2527 — 

Frankfurt (Deutschland). 

Di Dieser Sonderdruck ist für eine beschränkte Verteilung bestimmt. Die 

Wiedergabe des vorliegenden in „RADIOCHIMICA ACTA'·, Vol. 1, 

W 4  1963  218220 erschienenen Aufsatzes erfolgt mit freundlicher 

Genehmigung des Herausgebers. Bestellungen weiterer Exemplare sind 

an Akademische Verlagsgesellschaft, Holbeinstrasse 2527 — Frankfurt 

t (Deutschland), zu richten. 

. . . ï ■ * Tl Ce tiréàpart est exclusivement destine a une diffusion restreinte. Il 

reprend, avec l'aimable autorisation de l'éditeur, un article publié dans 

le «RADIOCHIMICA ACTA», Vol. 1, N° 4  1963  pp. 218220. 

Tout autre exemplaire de cet article doit être demandé à Akademische 

Verlagsgesellschaft, Holbeinstrasse 2527 — Frankfurt (Deutschland). 

Questo estratto è destinato esclusivamente ad una diffusione limitata. 

Esso è stato riprodotto, per gentile concessione dell'Editore, da «RADIO

CHIMICA ACTA», Vol. 1, N° 4  1963  218220. Ulteriori copie 

dell'articolo debbono essere richieste a Akademische Verlagsgesellschaft, 

Holbeinstrasse 2527 — Frankfurt (Deutschland). 

Deze overdruk is slechts voor beperkte verspreiding bestemd. Het artikel 

is met welwillende toestemming van de uitgever overgenomen uit 

„RADIOCHIMICA ACTA", Vol. 1, Ν». 4  1963  218220. 

Meer exemplaren kunnen besteld worden bij Akademische Verlags

gesellschaft, Holbeinstrasse 2527 — Frankfurt (Deutschland). 

wmîmm^mmfm ft 
Sw,¿;;ím.í íflP'SIÁrafií ßäfiiPK aSffli ulitis 

ΕΓα 



E U R 5 O 1 . e 
R E P R I N T 

DIFFUSION OF Pu IN U 0 2 by R. L INDNER (Euratom) and F. SCHMITZ 
(Technical University Braunschweig). 

European Atomic Energy Community  EURATOM. 
Joint Nuclear Research Centre. 
Ispra Establishment (Italy). 
Chemistry Department. 
Reprinted from "RADIOCHIMICA ACTA", Vol. 1, No. 4  1963, pages 218220. 

The diffusion of 239Pu in sintered pellets of U 0 2 (density 10.6) has been 
measured with the methods of a radiation absorption and sectioning. The 
temperature dependence of the diffusion coefficient is represented by the equa
tion : D = 0.34 exp (—97 300 ± 4 100/ÄT) cm2 sec1. 

Comparison has been made with the selfdiffusion of Uranium by a new 
technique of differential diffusion measurements. I t results that the activation 
energy for Plutonium diffusion is 6.0 kcals less than that of Uranium diffusion. 
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Diffusion of Pu in U0 2 

By F. SCHMITZ and R. LINDNER, Chemistry Department, CCR Euratom Ispra (Italy) and Laboratory for Nuclear 

and Radiochemis t ry , Technical Universi ty Braunschwe ig (Germany) 

With 3 figures. (Received May 10, 1963) 

Summary 

Zusammenfassung 

Résumé 

The diffusion of 23SPu in sintered pellets of UO, (density 10.6) has been measured with the methods of 
α radiation absorption and sectioning. The temperature dependence of the diffusion coefficient is repre
sented by the equation: D = 0.34 exp (— 97300 ± 41O0/AÎ1) cm2 sec1. 
Comparison has been made with the selfdiffusion of Uranium by a new technique of differential diffusion 
measurements. I t results that the activation energy for Plutonium diffusion is 6.0 kcals less than that of 
Uranium diffusion. 

Die Diffusion von 23'JPu in U02Sinterkörpern (Dichte 10,6) wurde mit den Methoden der ocStrahlen
absorption und der direkten Ermittlung der Konzentrationsverteilung untersucht. Die Temperaturabhän
gigkeit des Diffusionskoeffizienten wird durch die Gleichung D = 0,34 exp (— 97 300 + 4100/ΛΤ) cm2 sec  1 

dargestellt. 
Nach einem neuen Verfahren der differentiellen Diffusionsmessung ergab sich für die Diffusion des 
Plutoniums eine um 6,0 kcal kleinere Aktivierungsenergie als für die des Urans. 

La diffusion du 239Pu dans des comprimés frittes de U 0 2 (de densité 10,6) a été mesurée par les méthodes 
d'absorption des rayons α et des sectiennement. La dépendance du coefficient de diffusion se représente 
par l'équation D = 0,34 exp (— 97 300 + 4100/Ä5T) cm2 sec"1. 
Par une nouvelle méthode différentielle de mesurer la diffusion une comparaison avec Γ autodiffusion 
de l'uranium a été faite. Il en résulte que l'énergie d'activation pour la diffusion du plutonium est 6,0 kcal 
plus petite que celle de l'uranium. 

Introduction 

T h e knowledge of ca t ion diffusion in p u r e a n d m i x e d 

oxides a n d carbides , especially of U r a n i u m a n d P l u t o 

n i u m is essent ia l for t h e p roduc t ion 1 , homogen iza t ion 

a n d b e h a v i o u r of these sy s t ems i m p o r t a n t for h igh 

t e m p e r a t u r e reac to r s a n d breeders . 

After t h e m e a s u r e m e n t of U r a n i u m diffusion2 in U 0 2 

t h e diffusion of t r a c e r quan t i t i e s of 2 3 BPu is descr ibed . 

1 Cf. e. g. L. A. R U S S E L , Ν . Η . B R E T T , J . D . L . H A R R I S O N a n d 

J . W I L L I A M S , Observa t ions on P h a s e Equi l ibr ia a n d Sinter ing 

Behav iour in t he P u 0 2  U 0 2 Sys tem, J . Nucl . Mate r .5 ,216 ( 1962). 
2 R . L I N D N E R u n d Έ. S C H M I T Z , Diffusion v o n 233U in U r a n -
d ioxyd , Z. Na tur fo rsch . 16a , 1373 (1961). 
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Methods 

Pr imar i ly t h e me thods of a lpha absorpt ion and sec
t ioning have been used as described in detai l in an 
earlier publicat ion 2 . I n the case of the a lpha absorp
t ion m e t h o d t h e absorpt ion function is measured in 
air and recalculated for U 0 2 . The in tens i ty vs range 
curve can be approx ima ted b y a s t ra igh t line which 
facilitates t h e calculat ion. B y appropr ia te choice of 
the relat ive posi t ion of source and de tec to r 2 a " r a n g e " 
of t h e a lpha rad ia t ion in U 0 2 of 3.45 microns was 
obta ined. 
This sensitive and reliable m e t h o d which permi t s t o 
determine t h e t ime function of diffusion - as the 
specimen can be measured after var ious diffusion 
periods - has been checked in some cases with the 
sectioning me thod . This means t h a t t h e sintered 
pellets which were planparal lel from t h e beginning, 
were abrased on fine emery paper wi th a device de
scribed in a previous paper 2 . Cuts of a b o u t 0.5 microns 
were t aken , t h e concent ra t ion grad ien t was found to 
have approx imate ly t h e shape predicted for a homo
geneous specimen. 
Diffusion measurements on sintered bodies include 
a considerable l imit of error. Similar diffusion values 
for U r a n i u m a n d P lu ton ium are to be expected, and 
a m e t h o d is required which allows an exact dis t inct ion 
between the relat ive diffusion values for the two 
elements. Use can be m a d e of the different a lpha 
energies of 2 3 9Pu (5.15 MeV.) and 2 3 3U (4.82 MeV.) 
in this connection. These two energies can easily 
be dist inguished as peaks with a half-width of 
ca. 30 kcal, wi th a semiconductor detector and a 
mul t ichannel pulse height analyzer. F r o m a t h i n sur
face layer those two isotopes will diffuse into t h e in
terior of t h e specimen and consequently t h e surface 
concentra t ion as indicated by the intensi ty of the a lpha 
energy a t i ts original value will decrease. The re la twe 
decrease of this in tens i ty is a direct measure of t h e 
relat ive diffusion coefficient. This can be seen from 
the solution of t h e diffusion equat ion for dis tance zero : 

CIC0 = dl^nDt (1) 

where CjC0 is t he relat ive surface concentra t ion, d t h e 
thickness of t h e initial layer, D t he diffusion coefficient 
and t t h e diffusion t ime. F r o m th is equat ion results for 
the ra t io of t h e diffusion coefficients : 

£pu r (cica)V M- (2) 
Du L(C/Oo)r 

This differential m e t h o d does no t necessi tate the know
ledge of thickness of t h e layer. The values obtained 
are independent from the var ia t ion of exper imenta l 
pa ramete rs , as t e m p e r a t u r e control and hea t ing t ime. 

Experiments 

Sintered pellets of pure U 0 2 (furnished by t h e Aktie
bolag Atomenergi Stockholm, Sweden) of an average 
densi ty 10.6 g/cm3, d iameter of 10 m m and height of 
2 m m were used2 . One face of the pellet was coated 
with the t racer isotopes by condensat ion from the 

vapour phase upon evapora t ion of t h e t racer in 
carrierfree form from a tungs t en r ibbon 3 . The radio
ac t iv i ty of t h e th in layer was measured wi th an a lpha 
rad ia t ion de tec tor (cesium iodide pla te a n d pho to 
mult ipl ier) . The specimen was hea ted for diffusion in 
a lumina vessels and a lumina tubes in a s t ream of pure 
hydrogen. After t he various diffusion periods the radio
ac t iv i ty was measured and from its a p p a r e n t decrease 
the diffusion coefficient was calculated according t o 
the equat ion derived in a previous pape r 2 : 

A „ R 2Dt 
(3) 

, — erf -

+ 

R in Ώ i 

2Dt i m 
R y π D t 

[R = 3.45 · 10-
Ì ] 

Generally the following approx imat ion for AjA0 > 0.75 

could be used : 

Ao 
r = 1 

2Dt 

RynDt 
i> = 

R": 

■It ■('-£) (4) 

Results 

The results of the a lpha absorpt ion measuremen t s a t 

various t empera tu res are reproduced in Fig. 1. The 

values for the diffusion coefficient are reproduced in 

Fig. 2 as function of the inverse absolute t e m p e r a t u r e . 
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3 R. LINDNER und (!. D. PARFITT, Diffusion of Radioactive 

Magnesium in Magnesium Oxide, J. Cliem. Physics 26, JK2 
(1950). 
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The graph corresponds t o : D = 0.34 exp (—97.300 ± 

4.100/RT) cm2sec  1 . Fig. 2 contains as a dotted line 

the diffusion values for Uranium2 . I t seems tha t 

Plutonium diffuses slightly faster and has a smaller 

activation energy (97.3 vs 104.6 kcal/mole) than 

Uranium. Because of the limits of error (4 and 7 kcals) 

a method of higher precision has to be used in order 

to confirm these findings. 

The differential diffusion method as described above 

was used in experiments at 1250, 1350. 1443 and 

1550° C respectively. The results are plotted in Fig. 3 in 

the form of log (DVJDV) vs 1/T. As can be shown from 

the following equations, the slope of the straight line 

obtained is a direct measurement of the difference in 

activation energy of diffusion 

/) 

Dv = AKU)
 e x P 

A) (Fu) e xPΓιι 

Qu 
RT 

QPii 

RT (·>) 

loe 
Du 

loge 
'RT 

(Gu— <?pu) + c o n s t 

From the slope the difference of activation energy for 

diffusion is calculated to 6.06 +_ 0.23 kcals mole  1 . 

(The same method was used for determining the ratio 

of diffusion coefficients for Am and Pu, 241Am being 

present hi the 239Pu used as an impurity of about 3 % . 

The activation energy for Amdiffusion was found to 

be 5.5 kcal./mole, higher than tha t for Pudiffusion. 

This leads to Q$¡ = 1 0 2 . 2 kcal./mole.) 

Discussion 

1. It had to be expected tha t the Pu4+ ion with its 

smaller diameter (0.90 versus 0.93 Å) needs a smaller 

activation energy for diffusion than the U 4 +
 ion. 

That has been confirmed by our experiments. 

2. Our results confirm the diffusion values previously 

obtained for Uranium2 . These are somewhat de

viating from those (88 + 11 kcals mole"1) obtained 

by other authors4 . 

Usually the highest activation energies are the 

most trustworthy ones. For a comparison of the 

results obtained by different authors a detailed 

knowledge ought to be available of the physical 

state, the chemical composition and the gas atmo

sphere surrounding the diffusion sample. A minor 

influence of impurities as e.g. introduced into the 

sample by the coating process cannot be excluded. 

We plan to continue experiments of this kind with 

other highmelting systems as pure and mixed carbides 

of Uranium and Plutonium as well as of Uranium and 

Thorium. 

We acknowledge the efficient support by Drs. F . CA

PELLANI and G. RBSTELLI in the measurement of the 

alpha spectra. 

Fig. 3. Ratio of diffusion coefficients for Pu and U in U02 as 
function of temperature 

4 A. B. AUSKERN and J. BELLE, Self Diffusion in UO., J. Nucl. 
Mat. 3, 311 (1961). 
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