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efficient diffusion barriers bu t should, a t the same time, effect a good bonding 
and exhibit a good thermal conductivity. This restricts these barriers practically 
to metallic layers. 

In the frame of the Orgel project, different barriers have been studied. Depo­
sition methods have been developed and the diffusion behaviour of the respec­
tive couples and triplets has been evaluated by metallographic, micro-hardness 
and electron microprobe analyses. Ni, Cr, V, Nb and multiple barriers such as 
Si-V and Si-Cr seem up to now to show the greatest promise for practical 
applications. 

The paper describes the results obtained thus far and compares the different 
barriers with respect to deposition procedures, diffusion rates, formation of 
intermetallic compounds and uranium concentration gradients. On the basis 
of these phenomena, the thickness of the diffusion barrier needed under specific 
reactor conditions (pressure, temperature and lifetime of fuel element) can be 
determined. 
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Abstract — Résumé — ΛΗΗΟ I aunsi — Resumen 

EFFICIENCY OF DIFFUSION BARRIERS FOR ALUMINIUM­CANNED URANIUM FUEL ELEMENTS. T h e 

use of a l u m i n i u m ­ c a n n e d m e t a l l i c u r a n i u m fuel e l e m e n t s is l i m i t e d to r e l a t i v e l y low t e m p e r a t u r e s if n o 

s p e c i a l m e a n s a r e provided to inh ib i t t he i n t e r m e t a l l i c diffusion b e t w e e n fuel and c a n . I n t e r m e d i a t e layers 

should b e ef f ic ient diffusion barr iers but should , a t the s a m e t i m e , ef fec t a good bond ing and e x h i b i t a good 

t h e r m a l c o n d u c t i v i t y . This res t r ic ts these barr iers p r a c t i c a l l y t o m e t a l l i c l aye r s . 

In t h e f r ame of t he Orge l p ro j ec t , different barr iers h a v e b e e n s tud ied . Depos i t ion m e t h o d s h a v e b e e n 

d e v e l o p e d and t h e diffusion b e h a v i o u r of t he r e s p e c t i v e couples and t r ip le t s has b e e n e v a l u a t e d by m e t a l l o ­

g r a p h i c , m i c r o ­ h a r d n e s s and e l e c t r o n m i c r o p r o b e a n a l y s e s . N i , C r , V , Nb and m u l t i p l e ba r r i e r s s u c h as 

S i ­ V and S i ­ C r s e e m up t o now t o show t h e g r e a t e s t p r o m i s e for p r a c t i c a l a p p l i c a t i o n s . 

T h e p a p e r de sc r ibe s t he resul t s o b t a i n e d thus far and c o m p a r e s t h e d i f f e ren t ba r r i e r s wi th r e s p e c t t o 

deposit ion procedures, diffusion rates , formation of i n t e rme ta l l i c compounds and uranium concentra t ion gradients. 

On the basis of these p h e n o m e n a , the thickness of the diffusion barr ier needed under specif ic reac tor conditions 

(pressure, t e m p e r a t u r e and l i f e t ime of fuel e l e m e n t ) can be d e t e r m i n e d . 

EFFICACITÉ DES BARRIÈRES CONTRE LA DIFFUSION DANS LES ÉLÉMENTS COMBUSTIBLES D'URANIUM 

GAINÉS D ' A L U M D N ' I U M . On ne peut util iser des é l é m e n t s c o m b u s t i b l e s d ' u r a n i u m m é t a l l i q u e g a i n é s d ' a l u m i n i u m 

qu ' à des tempéra tures r e l a t ivemen t basses, si l 'on ne prend pas des précautions spéciales pour inhiber la diffusion 

i n t e r m é t a l l i q u e c o m b u s t i b l e ­ g a i n e . Les couches i n t e r m é d i a i r e s d e v r a i e n t cons t i tuer des ba r r i è res e f f i caces 

con t re la diffusion, mais aussi assurer une bonne l iaison et présenter une bonne conduc t iv i t é t he rmique . Prat i ­

q u e m e n t de te l les barr ières ne peuvent Être que mé ta l l i ques . 

Dans l e cadre du projet O r g e l , les auteurs ont é t u d i é divers types d e bar r iè res . Ils ont mis au point des 

p r o c é d é s d e d é p o s i t i o n e t é t u d i é l e c o m p o r t e m e n t des d i f férents d o u b l e t s e t t r ip le t s a u p o i n t d e v u e d e l a 

diffusion en p rocédan t à une ana lyse m é t a l l o g r a p h i q u e , à u n e ana lyse de la m i c r o d u r e t é e t à u n e ana lyse par 

m i c r o s o n d e é l e c t r o n i q u e . Des bar r iè res d e Ni , Cr , V, Nb ainsi q u e des barr ières m u l t i p l e s t e l l es q u e S i / V , 

S i / C r s e m b l e n t offrir les m e i l l e u r e s perspec t ives d ' a p p l i c a t i o n p r a t i q u e . 

Les auteurs exposent les résul tats obtenus ju squ ' i c i e t c o m p a r e n t les différentes barr ières quan t aux p r o ­

cédés de dépos i t i on , aux vitesses de diffusion, à la fo rmat ion d e composés i n t e r m é t a l l i q u e s e t aux g rad ien t s 

d e c o n c e n t r a t i o n de l ' u r a n i u m . En t enan t c o m p t e de ces p h é n o m è n e s , on p e u t d é t e r m i n e r l ' épa i s seur d e l a 

ba r r i è r e nécessa i re pour empÊche r la diffusion dans les condi t ions pa r t i cu l i è res d 'un r é a c t e u r d o n n é (pression, 

t e m p é r a t u r e e t d u r é e d e v ie de l ' é l é m e n t combus t i b l e ) . 

3ΦΦΕΚΤΜΒΗ00Τί> £ΜΦΦΥ3Μ0ΗΗΜΧ EAPbEPOB ßJIfl TErUI0BbUlEJWKWI4X 3JIEMEHT0B H3 YPAHA C AJD0MMHMEBOÍÍ 

0E0J10HK0ÍÍ. ΠΡΗΜΘΗΘΗΜΘ TenjioBbiÄeJiHEmHX 3JieMeHTOB H3 MerajijumecKoro ypaHa c ajruMHHueBoíí oöoJiottKOR 

jiHMMTHpyeTCfl cpaBHHTejibHO HM3KMMH TeMnepaTypHHMH peanMaMM, ecjiH He npeaycMOTpeHU cneunajibHiie 

Mepu, npenHTCTByiomne ΑΜΦΦΥΒΗΗ Me*,ny ΤΟΠΛΜΒΟΜ H oöojiomcott. npoMeiyTOUHbie npocnoiÌKH ÄOJETHH öuTb 

3φφθΚΤΗΒΗΗΜΗ ΑΗφφγ 3HOHHHMM ÖapbepaMH, ΟΛΗΟΒρθΜΘΗΗΟ ROJTKHU OCec ÜCJHBaTb npOMHyE CBH3b H HMeib XOpCmyE 

TenJionpoBO/iHOCTb. 3το npattTMMecKH orpaHHWBaeT BUöop TBKHX öapbepos MeTajijiimecKHMM npocJioíÍKaMn. 

Β paMKax npoeKTa OpreJib ÕUJW HsyyeHU paajumHtie öapbepti n paapaöoTaHu MX HaHeceHHH. nyre»! 

MeTajiJiorpaijHMecKoro M DJietcTpoHHoro MHKpoaHajiH3a H onpeaeJieHMH ΜΜκροτΒβρΑοοτκ ÖHJIM oueHeHU Λ « Φ ­

ttiy3H0HHHe cBottcTBa cooTBeTCTByromHX nap n ΤΡΜΠΛΘΤΟΒ. 

Β HacTOHiuee BpeMH N i , C r , V, Nb n MHorocjioiÎHîJe öapbepu Bpofle S i / V , S i / C r ABJIHDTCH ΟΘΜΗΜΜ 

nepcneKTHBHbttui RJia ΠΡΜΜΘΗΘΗΗΗ Ha npaitTHKe. 
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flaeTCfl onHcaHHe pe3yjn>TaT0B, ΛΟΟΤΜΓΗΥΤΜΧ ΛΟ CMX nop, n cpaBHHBauTCH pasjumHUe öapbepu c 

TOMKH 3pemin TexHOJiorHH Hx HaHeoeHMa, OKopooTM ÄHifcSya™, oSpa30BaHHfl MeiMeTajuMMecKHX ooeaMKeHHi 

H rpa^HeHTOB KOHueHTpamiH ypaHa . Ha ocHOBe TaicHx aaHHUx MOXKO onpeaejrHTb TOJimHHy amWiysMOHHOrc 

Oaptepa, HeoöxoanMym tipu onpeaejieHHiix ycJioBMflx peaKTopHOro pexHMa (jraBJleHHe, TeMnepaTypa H cpoi 

cjiyxöH TenjioBUfleJiJiBmero ajieMeHTa). 

EFICACIA DE LAS BARRERAS DE DIFUSIÓN PARA ELEMENTOS COMBUSTIBLES DE URANIO ENVAINAD! 

EN ALUMINIO. Si no se recune a medios especiales tendientes a evitar la difusión intermetálica combustible 

vaina, los elementos combustibles de uranio metálico revestidos de aluminio sólo pueden utilizarse a tempera 

turas relativamente bajas. Esas barreras intermedias deberían inhibir eficazmente la difusión y, al mismi 

tiempo, constituir una unión resistente y buena conductora del calor. Por tales motivos, la elecciónse limit, 

en la práctica a los metales. 

En el marco del proyecto Orgel, los autores han estudiado diversos inhibidores. Perfeccionaron proce 

dimientos de depósito y evaluaron las propiedades de difusión de los pares o tripletes respectivos por medio d 

determinaciones metalográficas y de la microdureza, así como por análisis electrónico de micromuestras. A 

parecer, los mejores resultados se obtienen con Ni, Cr, V y Nb, así como con barreras múltiples del tipi 

Si/V y Si/Cr. 

La memoria describe los resultados obtenido's hasta el presente, y compara los diversos inhibidores er 

cuanto a los procedimientos de depósito, velocidades de difusión, formación de compuestos intermetai.'cos ) 

gradientes de concentración del uranio. Sobre la base de estos datos, puede determinarse el espesor de 1; 

barrera de difusión que se requiere para condiciones determinadas de funcionamiento del reactor (presión 

temperatura y vida útil de los elementos combustibles). 

1. INTRODUCTION 

In the development of a nuclear fuel element, special attention has tc 
be paid to the compatibility between fuel and can. In the ORGEL reactor 
(organic­cooled, heavy­water­moderated natural uranium reactor), one pos­
sible fuel type could consist of a metallic uranium rod canned with aluminium, 
Fuel surface temperatures will be around 430°C. At this temperature a 
direct contact between uranium and aluminium would result in excessivt 
interdiffusion between the metals and limit the lifetime of an element to a 
very short period. It is thus clear that a diffusion barrier is required be­
tween the two metals. 

Such a diffusion barrier has to fulfil certain conditions:, 
1. It must prevent the penetration of uranium to the outer surface of 

the can. 
2. It must establish a good bonding between fuel and can. 
3. It should have a good thermal conductivity. 
4. Neutron absorption must be kept as low as possible. 

On the basis of these considerations several types of barriers have been 
studied in detail with the aim of evaluating a conveniently applicable barrier 
which would work for at least one year at 450°C. This paper describes th<s 
results obtained and compares the different barr ier types. The results o: 
the diffusion studies on binary systems with the barrier metal and uranium 
or aluminium, respectively, which preceeded normally the study of the com­
bined systems, are however only briefly cited and reference is made to the 
respective reports describing this work in detail. 

The work on which this paper is based has only partially been done at 
Euratom's own laboratories; the most important contributions came from 
the Metallurgy Department of the Nuclear Research Centre of Belgium 
(Centre d'étude de l'énergie nucléaire (C.E.N. ), Mol), as well as from the 
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l a b o r a t o r i e s of CERCA (Compagnie pour l ' é tude et la r éa l i s a t i on de c o m ­
bus t ib les a tomiques ) , Bonneui l , which both worked under c o n t r a c t . The 
prepara t ion of the diffusion layers was made at the above labora tor ies . E lec ­
tron microprobe analyses were made at I sp ra . 

2. MATERIALS, PREPARATION AND EVALUATION 

2 . 1 . Mater ia ls 

After p r e l i m i n a r y t e s t s with a number of different m e t a l s , Ni, Cr , V 
and Nb were se lec ted for a detai led s tudy. To t h e s e have been added r e ­
cently multiple b a r r i e r s composed of V-Si and Cr -S i , Si being in both cases 
s i tuated on the a luminium s ide . These combinat ions have been chosen, as 
there is only a very smal l solubility of Si in Al and of V or Cr in U [1] . The 
uranium was r eac to r -g rade m a t e r i a l , containing 120 ppm (Fe + Si); the a lu­
minium was 99.5% pure , with 0.5% (Fe + Si) as main i m p u r i t i e s . 

2 . 2 . P r epa ra t i on and t r ea tmen t of the samples 

In the case of the nickel and chromium b a r r i e r s , which were deposited 
e lec t ro ly t ica l ly , cy l indr ica l s a m p l e s of 8 - m m d iam. w e r e used . F o r the 
study of the b a r r i e r s consis t ing of V, Nb or mult iple l a y e r s , however, the 
evapora t ion unit, which was used for the i r p r e p a r a t i o n , was not equipped 
with the n e c e s s a r y rota t ing device, so that flat sandwich-type samples had 
to be used . 

Detai ls of the deposi t ion p r o c e d u r e s a r e mentioned in the sect ions 
dealing with the special b a r r i e r s . The cylindrical samples were autoclaved 
to achieve a good contact between the different m e t a l s . The sandwich-type 
s a m p l e s w e r e n o r m a l l y c lamped toge the r by s t a i n l e s s s t e e l s c r e w s , the 
c r eep of the a luminium at high t e m p e r a t u r e s l imi ted the p r e s s u r e dur ing 
the diffusion t r e a t m e n t , which was done in an a rgon a t m o s p h e r e in quartz 
c apsu l e s . Other s a m p l e s were p r e p a r e d by r o l l - m i l l i n g . 

2 . 3 . Examinat ion 

Diffused samples were examined by metal lography, by electron m i c r o -
probe analysis and by m i c r o h a r d n e s s tes t ing . In the case of the chromium 
b a r r i e r s a l so X - r a y r a d i o g r a p h y was done and t h e r m a l cycl ing was e m ­
ployed to d e t e r m i n e the m e c h a n i c a l r ig id i ty of the bond. 

The me ta l log raph ic p r epa ra t i on and examinat ion of the s a m p l e s were 
often very difficult because of the br i t t leness of the intermetal l ic compounds, 
the differences in the ha rdness of the different l aye r s and the failure to find 
etching solutions which develop all the phases equally well . F u r t h e r m o r e , 
the identification of the appear ing phases is some t imes difficult because of 
the absence of some in te rmeta l l i c phases which should be the rmodynamic -
ally s table but, for kinetic r e a s o n s , do not develop during the diffusion 
p r o c e s s . 
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All t he se p r o b l e m s may have cont r ibu ted to the con t rad ic t ions found 

in ea r l i e r work. In such cases the electron microprobe analyser is the most 

powerful tool to get p rec i se information. 

In our work a Cameca m i c r o p r o b e ana lyse r was used, on samples po ­

lished on diamond (1/4 μηι) without or with only a very slight chemical attack. 

As the n o r m a l l y used c o r r e c t i o n ca lcu la t ions [2] a r e insufficient for the 

ana lys i s of phases containing e l emen t s with X ­ r a y absorp t ion coefficients 

as different as those of the sys tem U­Ni­Al , new cor rec t ion formulas have 

been developed [3] and used for the calculat ions. As the determined values 

of the a luminium concent ra t ion depend s t rongly on the a c c e l e r a t i o n of the 

exci ted e l e c t r o n s , the a n a l y s i s of a lumin ium in the different p h a s e s has 

been accompl i shed by m e a s u r e m e n t s of the Ai Και l ine i n t e n s i t i e s at dif­

ferent a c c e l e r a t i o n vol tages between 5 and 10 kV and ex t rapo la t ion of the 

obtained va lues (after c o r r e c t i o n for the m a s s absorp t ion) to the c r i t i c a l 

accelera t ion of the AlKo­j line (where no retrodiffusion of e lect rons occurs) . 

The concentra t ion values thus obtained a r e quoted in the f igures and tables 

of th is pape r . 

2 .4 . Evaluation of the quality of the b a r r i e r s 

Up to now, the l i fe t ime of the diffusion b a r r i e r s was norma l ly cons idered 

to be the t ime during which undecomposed, pure b a r r i e r metal is st i l l p r e ­

sent in the bond. Our examinat ion showed, however , that the diffusion of 

u ran ium in the a lumin ium phase of the can is v e r y r e s t r i c t e d , even if the 

b a r r i e r me t a l is total ly t r a n s f o r m e d to i n t e r m e t a l l i c compounds . That 

means that the re is s t i l l a b a r r i e r effect after consumption of the pure 

b a r r i e r me ta l and this p e r m i t s an i n c r e a s e in the life of the b a r r i e r . The 

c r i t e r ion for the efficiency of a specia l type of diffusion b a r r i e r can t h e r e ­

fore not be quoted as ' l i fe t ime" of pure meta l as a function of the t e m p e r a ­

t u r e , but has to take into account the th ickness of the penet ra t ion zone. In 

view of the special conditions of the ÜRGEL project, where the canning thick­

ness may be about 1 mm of aluminium, we consider as lifetime of a b a r r i e r 

the t ime after which a diffusion zone of about 7 50 μτη will be vis ible under 

the m i c r o s c o p e . 

Mic rop robe ana lys i s has shown that the u ran ium concent ra t ion in the 

aluminium phase conies down to undetectable' low values within a few microns 

of dis tance from the visible phase boundary. 

3. THE DIFFUSION BEHAVIOUR OF ELEMENTS WITH DIFFERENT 

BARRIER SYSTEMS 

3 . 1 . Study of the diffusion in elements U­Ni­Al 

The p r a c t i c a l . i n t e r e s t of a nickel b a r r i e r is shown by s e v e r a l pub l i ­

ca t ions concern ing the diffusion in the s y s t e m s Al ­Ni [ 4 ­ 6 ] , Ni­U 

[7,8] and Al­Ni­U [9­11] . However, the data of these papers a r e not suf­

ficient to allow definite conc lus ion as to the appl icab i l i ty for the ORGEL 

p ro j ec t . 
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The study desc r ibed h e r e has been c a r r i e d out in c lose co l labora t ion 
with the Nuclear Resea rch Cent re of Belgium at Mol, and much of the data 
commun ica t ed h e r e was taken f rom the r e p o r t i s s u e d on th i s work [12] . 

As a knowledge of the binary sys t em is the only sa t i s fac tory basis for 
the study of the t e r n a r y sy s t em, these binary s y s t e m s a r e t r ea ted briefly 
before p roceed ing to the t e r n a r y . The p r e p a r a t i o n me thods , which a r e 
l a rge ly the s a m e for both s tud ies , a r e desc r ibed together with the binary 
s y s t e m s . 

3 . 1 . 1 . The study of the couples U-Ni-and Ni-Al 

3 . 1 . 1 . 1 . U-Ni 

The t e s t s have been l imi ted as it was found that the diffusion r a t e in 
the t e r n a r y s y s t e m is d e t e r m i n e d r a t h e r by the in terdi f fus ion Al -Ni than 
by the interdiffusion U-Ni . The t e s t s showed that the methods of e tching 
and nickel deposi t ion have a s t rong influence on the diffusion r a t e and the 
homogeneity of the diffusion l a y e r s . Among a number of methods, the sub­
sequently descr ibed procedure gave the best r e su l t s [13] . 
(a) Anodic e tching of the u ran ium in an aqueous solut ion, containing 10% 

n i t r i c ac id . 
(b) Nickel deposi t ion in an aqueous solut ion containing: 

Nickel sulphate 200 g / l 
Sodium c i t r a t e 40 g / l 
Ammonium chlor ide 5 g / l 
Wetting agent ("Lissapol 1 ' ) 2 c m 3 / l 
pll 4-5 
T e m p e r a t u r e 25°C 
C u r r e n t dens i ty 1,5 A / d m 2 

(c) Degassing in vacuum (slow tempera ture r i s e (100°C/h) up to 350°C,main­
taining the final t empera ture for about 1 h). 

After a t reatment of 1 h at 500°C, no diffusion was found} at 540°C, how­
ever , a diffusion layer of about 3-μηι thickness had appeared after the same 
t i m e . No detai led study has been done on e i ther the de t e rmina t i on of the 
phases formed or the kinetics of the p r o c e s s . The resu l t s induced us, how­
ever , to specify a p r e - t r e a t m e n t of 1 h, 57 5°C for all t e r n a r y U-Ni-Al 
s a m p l e s . 

3 . 1 . 1 . 2 . Ni-Al 

The study of this binary sys tem was l imited to solid samples of the 
sandwich-type, clamped together by a t i tanium screw. The nickel, as well 
as the aluminium, had been etched in a solution after JACQUET [14] (HCIO4 
and CH3COOH). 

Diffusion t r ea tmen t s have been ca r r i ed out at t empera tu re s from 370°C 
to 520°C and dura t ions from 2X 105 to 5X 1 0 6 s . Two in t e rme ta l l i c phases 
AI3N12 and AI3N1 have been found. 
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The diffusion follows the exp re s s ion 

Xn = kt, (X = th ickness of diffusion l aye r in cm) (1) 

(t = t ime in s) 

w h e r e n i s a p p r o x i m a t e l y 2. The t e m p e r a t u r e inf luence i s d e s c r i b e d by 

k =k0e­Q/RT í (2) 

with 

k 0 = 7 . 3 

Q = 38 500 ca l /M . 

3 . 1 . 2 . Mult iphase diffusion s tudies in U­Ni­Al e l emen t s 

The following p r o c e d u r e was employed for the p r e p a r a t i o n and t r e a t ­

ment of the t e r n a r y U­Ni­Al e l e m e n t s , cons is t ing of a u r an ium rod (8 ­mm 

diam.) , a nickel l aye r ( thickness between 9 and 37μπι) and an a luminium can 

( 1 ­ m m th ickness ) : 

(a) Nickel deposit ion by the desc r ibed p r o c e d u r e . 

(b) Vacuum d e g a s s i n g with t e m p e r a t u r e r i s e to about 350°C ( s ee 

3 . 1 . 1 . 1 ) . . 

(c) P r e ­ d i f f u s i o n for 1 h at 575°C. 

(d) Canning, e l e c t r o n b o m b a r d m e n t weld ing . 

(e) Autoclaving at different t e m p e r a t u r e s (475­600°C) and p r e s s u r e s 

(50­1000 a tm) , n o r m a l l y 525°C, 700 a t m . 

(f) Sealing in quar tz c a p s u l e s . 

(g) Diffusion t r e a t m e n t be tween 400 and 520°C. 

The a im of the different autoclaving t r e a t m e n t s (mentioned as (e)) was 

to de t e rmine the best condit ions for an in t imate contact of can and b a r r i e r 

and for a r e g u l a r development of the diffusion between the nickel and both 

i ts adjacent m e t a l s . It was found that at leas t 525°C and 350 a tm a r e n e c e s ­

s a r y to have an efficient bonding, but bes t r e s u l t s w e r e obtained at 535°C 

with 500 a tm . 

Depending on t ime and t e m p e r a t u r e of the diffusion t r ea tmen t , m i c r o s ­

copical and X ­ r a y m i c r o p r o b e ana lys i s showed a different compos i t ion of 

the s a m p l e s . T h r e e ma in s t a g e s m a y be d i s t ingu ished , a s fol lows: 

(i) T h e r e i s s t i l l a p u r e , u n d e c o m p o s e d n i cke l b a r r i e r ( F i g . 1(a)) . 

Diffusion proceeds as described for both binary sys tems U­Ni and Ni­Al, 

with pa rabo l i c r a t e laws and fo rmat ion of v e r y b r i t t l e i n t e r m e t a l l i c c o m ­

pounds ( e spec ia l ly on the U­Ni s ide ) . 

(ii) All the n ickel i s consumed , but a b ina ry U­Al compound has not 

yet fo rmed . 
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Multiphase diffusion in uranium­nickel­aluminium samples 

(a) Diffusion of U­Ni­Al, 10s s at 520'C (25μΓΠ Ni) 

(b) Diffusion of U­Ni­Al, 3X105s at 520'C (28um Ni) 

The aluminium comes into contact with the UN15 and forms with it a t e r ­

n a r y l a y e r of v a r i a b l e compos i t ion (two p h a s e s in one diffusion l a y e r a r e 

t h e r m o d y n a m i c a l l y poss ib l e in a s y s t e m of t h r e e c o m p o n e n t s . 

(iii) Fo rma t ion of a t e r n a r y l aye r of a composi t ion of nea r ly UM7AI13 

and appearance of the b inary compound UAI3 (Fig . 1(b)). 

Stages (i) and (ii) a r e re la t ive ly rapid . The formation of UAI3 then b e ­

comes the most apparent feature of the p r o c e s s . This phase grows rapidly, 

preferent ia l ly in the form of t endr i l s enter ing in the gra in boundaries of the 

u ran ium and then expanding l a t e r a l l y . The th ickness of th i s phase exceeds 

in a re la t ively short t ime the thickness of all other diffusion l ayers together . 

The concentration of the third element has been measured in some of the 

b inary p h a s e s . In the UAI3 the Ni content drops from 0.4% at the in te r face 

with the t e r n a r y phase to p rac t i ca l ly z e ro within about 80 μπι. The phases 

adjacent to the aluminium, Ni AI3 and N12AI3 contain about 0.3 and 0 .4%ura­

n ium, r e s p e c t i v e l y . U r a n i u m i s de tec tab le in the Al within about 50 μπι 

f rom the AI­AI3N1 i n t e r f a c e . 

A t e r n a r y compound corresponding approximately to the formula UNi7 Al13 

has been found adjacent to the UAI3. A t t empts have been made to p r e p a r e 

this compound synthetically but without s u c c e s s . Always two phases M2AI3 

and UNiAl4were formed. It s e e m s therefore that this phase is formed only 



518 F. BROSSA et al. 

at low t e m p e r a t u r e by diffusion p r o c e s s e s and that it decomposes at h igher 
t e m p e r a t u r e s by the mechan i sm 

UNi7Al13 —» 3 AI3M2 + UN1AI4. 

Th i s decompos i t ion has been conf i rmed by X - r a y p ro jec t ion m i c r o s ­
copy, achieved by a spec ia l a c c e s s o r y in the e l ec t ron m i c r o - a n a l y s e r [15] 
(see F ig . 2). 

Fig. 2 

Decomposition of ternary UN17AI13 diffusion layer after annealing above 650"C 
(X-ray projection microradiograph, χ 250) 

UNiAl4 = dark zone. 
Ni2Al3=bright grey dendrites. 

The compounds formed dur ing s tage (iii) s e e m to be l e s s b r i t t l e than 
those formed p rev ious ly . Tab le I s u m m a r i z e s the ma in compos i t i ons of 
the diffusion l a y e r s . 

The exper imenta l r e s u l t s show that the logar i thm of the to ta l diffusion 
l a y e r t h i ckness i s a l i nea r function of the l o g a r i t h m of the t i m e for given 
t e m p e r a t u r e and in i t ia l n ickel l a y e r t h i c k n e s s , so that 

Xn = kt; 

k depends on t e m p e r a t u r e by the equation 

k =k0e-Q/RT, 

and k 0 and Q have been found to be 

(1) 

(21 



EFFICIENCY OF DIFFUSION BARRIERS 

TABLE 1 

MEAN COMPOSITION O F DIFFUSION 
LAYERS IN THE SYSTEM Al-Ni-U 
(Corrected values, adjusted to 100%) 

519 

Al 
(wt.%) 

0.2 
0.4 
34.8 

Ni 
(wt. % 

41.7 
58.8 

40.7 

U 
(wt.^ 

58.1 
40.8 

24.5 

Phase 

N1AI3 
Ni2Al3 

UNÌ, Al u 

k0=2.75X IO"2 

Q = 23 500 cal/M 

when t is measured in seconds and X in centimetres. 
As it has been found that for given times and temperatures the logarithm 

of the total thickness X is a linear function of the initial barrier thickness E 
(cm) X may be expressed by the formula 

X = Citc2ec3/Tec4E (3) 

for which the following values have been determined by the method of least 
squares, using all measured values: 

Ci = 0.32 
C2=0.716 
C3=-8350 
C4=-740 

3.2. Study of the diffusion in elements U-Cr-Al 

The study concerning the chromium as a diffusion barr ier was carried 
out in collaboration with CERCA, Bonneuil. The final report on this work 
under contract is in p res s [16] . Again, the binary systems a re shortly 
treated at f irst . 

3. 2 . 1 . The study of the couples U-Cr and Cr-Al 

3 . 2 . 1 . 1 . U-Cr 

The chromium bar r ie r was deposited electrolytically. The uranium 
was etched anodically by a treatment in a solution of 10% HCl followed by 
etching in 30% HNO3, 90°C, with ultrasonic agitation. The uranium surface 
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becomes quite rough in this t r e a t m e n t . F o r the e lec t ro ly t ic ch romium d e ­
posit ion two solutions have been applied: 

(a) Solution of P a s s a l [17] 
C r 0 3 300 g 
SrS04 15 g 
K2SiF6 40 g 
H 20 1000 g 

(b) Solution of BORNHAUSER [18] 
Cr03 330 g / l 
NaOH 48 g / l 
Cr2Os 6 g / l 

The adherence of both depos i t s is good, however c o r r o s i o n t e s t s show 
the exis tence of c r a c k s . T e s t s a re underway to prevent them by mul t is tage 
deposit ion. 

Diffusion exper iments h a v e been run with solid sandwich-type s amp le s . 
No diffusion has been found with α-uranium, i . e . a t t empera tures up to 600°C, 
even after ve ry long t i m e s . At higher t e m p e r a t u r e s (β- and 7 -u ran ium) the 
diffusion becomes quite impor tan t . Differences have been found in the dif­
fusion r a t e us ing different types of c h r o m i u m ( P a s s a l or B o r n h a u s e r d e ­
pos i t s or solid s a m p l e s ) . However , as the diffusion with β - or 7 -u ran ium 
is not of p r a c t i c a l i n t e r e s t for the ORGEL projec t (because of too high 
t empera tu re s ) , the study of the U-Cr diffusion has not been continued further. 
Different ia l e l ec t ron b e a m scanning p i c t u r e s show that no diffusion l a y e r 
i s fo rmed. Uranium and ch romium a r e p re sen t as pure e lements (Fig. 3). 

Repar t i t i on of u ran ium 

Scanning picture ο ί ϋ Μ β 

at 13 KV 

Repart i t ion of c h r o m i u m 

Scann ing p ic tu re of C r K a ^ 

at 13 KV 

Fig. 3 

Diffusion of uranium-chromium couples after annealing 15 h at 825°C 
(Optical and scanning electron microprobe picture) 

3 . 2 . 1 . 2 . C r - A l 

The diffusion has been studied with chrome-p la ted aluminium sample s . 
The most c h a r a c t e r i s t i c r e s u l t s a r e ; 

(a) High sensibi l i ty to the applied p r e s s u r e . 
(b) Without app l ica t ion of p r e s s u r e , the diffusion does not s t a r t at 
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t e m p e r a t u r e s beyond 430°C, but i s highly acce le ra ted when passing 
from 450 to 500°C. 

(c) Only two of the in te rmeta l l i c phases given by the phase d iagram (1) 
appear as diffusion l a y e r s . The compound adjacent to the chromium 
fo rms a r e l a t i ve ly flat l aye r (Vickers h a r d n e s s 650 kg /mm2) , the 
other one shows a toothed band (Vickers hardness 350 kg/mm 2 ) . The 
junction between a luminium and th i s compound i s the mos t b r i t t l e 
in ter face in the s y s t e m . 

A c o m p a r i s o n of the s y s t e m s C r - A l and Ni -Al shows tha t the i n t e r -
diffusion of ch romium and a luminium is in i t ia l ly m o r e impor t an t than that 
of n ickel and a lumin ium, but cont inues at a s m a l l e r r a t e . At 450oC, for 
i n s t ance , the foUowing r a t e l aws have been found: 

χ = 1.64 t 0 · 3 2 for C r - A l , and 
x = 0 . 2 6 t 0 · 5 9 for N i - A l . 

The Vickers ha rdness (V.H. ) of the hardes t compounds forming during 
the diffusion in both s y s t e m s is 

650 V.H. for C r 2 A l n , and 
860 V.H. for Ni2Al3. 

3 . 2 . 2 . Mult iphase diffusion s tudies in U - C r - A l e lements 

As the deposi t ion of c h r o m i u m b a r r i e r s i s m o r e difficult than that of 
nickel b a r r i e r s and as the r e su l t s of the t e rna ry diffusion examinations show 
a much b igger s c a t t e r , the p r e p a r a t i o n and t r e a t m e n t p a t t e r n was s o m e ­
t i m e s changed dur ing the c o u r s e of the s tudy. However , the g e n e r a l l ine 
m a y be d e s c r i b e d s i m i l a r l y to that of the n i cke l b a r r i e r s . 

(a) Deposition of the chromium in the solution after P a s s a i (cf. 3 . 2 . 1 ) . 
(b) Degass ing for 3 h at 200°C and 10"5tor r . 
(c) Canning, e lec t ron bombardment welding. 
(d) Autoclaving, generally at 450°C and 200 atm, however also for some 

tes t s at higher t empera tu res and p r e s s u r e s . 
(e) Diffusion t r e a t m e n t at t e m p e r a t u r e s between 450 and 600°C, e i ther 

in vacuum or under argon p r e s s u r e in au toc laves . 
As d e s c r i b e d above, the c h r o m i u m depos i t s a r e g e n e r a l l y sound and 

adheren t after the vacuum t r e a t m e n t . However , they do not look br iUiant 
and exhibit a s l ight ly rough, c o a r s e su r f ace . 

Diffusion at 450°C 

No diffusion could be detected, ei ther after t rea tments without p r e s s u r e , 
or af ter 200 h at 40 a t m . Even a p rev ious autoclaving of 1 h at 535°C and' 
650 a tm did not p roduce diffusion af ter anneal ing dur ing 360 h. 

Dismant l ing of the s a m p l e s shows the comple te absence of bonding b e ­
tween c h r o m i u m and a l u m i n i u m . T h i s c o r r e s p o n d s n e a r l y to the b i n a r y 
Al -Cr diffusion studies which showed that diffusion s t a r t s only at about 440°C. 
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Diffusion at õOO"C 

The tests demonstrate a considerable influence of the pressure. After 
15 h, a diffusion layer of 10 urn was observed when the treatment was done 
in vacuum and a layer of 25 um, when a pressure of 40 atm was maintained. 
In this latter case diffusion peaks reached nearly the uranium (initial 
chromium thickness 30 μπα). After 60 h under 40 atm, chromium layers 
of 30­50 Mm had reacted almost completely with the aluminium. 

0 20 50 100 200 

Penetration in microns 
Al 
Cr 

Fig. 4 

Diffusion of chromium­aluminium after annealing 5 h at 500°C 

The microprobe analysis of a sample treated during 5 h at 40 atm 

showed that a layer smaller than 10 μπι consists in only one compound, 

CrAl 7 (Fig .4) . 

Diffusion at 550°C 

Diffusion without applied pressure is irregular. After 25 h, a maximal 

thickness of about 25 μτη was measured. 

Table II summarizes the mean compositions of the diffusion layers. As 
it is shown by Fig.5(a), the layer of Cr Al3 disappears in contact with UAI3 
when the chromium is completely consumed. 

The composition of Fig. 5(b) has been determined in the zone where the 
chromium layer was still present. The presence of uranium in the phase 
CrAl3 and C r ^ l n indicates that there has been a horizontal diffusion of ura­
nium behind the ba r r i e r . The concentration of uranium in the compound 
Cr Al 3 has been found to decrease from 0.3 wt.% at the contact UAlsrCr­
CrAl3(near the "break­through") to 0.17 wt.% at the interface CrAl3­Cr2Alu. 
In the Cr2Aln the uranium concentration is constant and equal to 0.17 wt.% 
and in the CrAl7 no uranium was detectable. 

In spite of the sometimes very i r regular test r esu l t s , the following 
character is t ic features of the chromium ba r r i e r s were well established: 

(a) The diffusion starts only when the temperature exceeds 450°C. Once 
initiated, it proceeds quite irregularly but when external pressure is 
applied, more rapidly than that of a Ni barrier. 
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TABLE II 

MEAN COMPOSITION OF DIFFUSION 
LAYERS IN THE SYSTEM Al-Cr-U 

(Corrected values, adjusted to 100%). 

No. 

1 

2 

3a* 

3 b * 

Al 
(wt.%) 

78.6 

72.5 

61.6 

26.9 

Cr 
(wt.%) 

21.4 

27.3 

38.1 

-

U 
(wt. %) 

-
0.2 

0.3 

73.1 

Phase 

CrAl, 

C r , A l u 

CrAl3 

UAI3 

v Layers 3a or 3b are formed when chromium is still present or consumed, 
respectively. 

(b) The diffusion of the uranium most probably does not penetrate the 
last layer of CrAl7 and does not reach the aluminium can. 

(c) The mechanical behaviour of miniature fuel elements which were 
prepared by canning threaded uranium rods with an aluminium can 
using an intermediate chromium layer of 30 um has been acceptable, 
even after a strong thermal cycling treatment (100 rapid cycles be­
tween 15 and 350°C). 

3. 3. Study of the diffusion in sandwiches U-V-Al 

As already mentioned, the study of the vanadium barr ier has been 
limited to flat samples, as it was up to now not possible in the apparatus 
employed by C.E.N. ,Mol, to evaporate the vanadium on cylindrical 
samples. As for the preceding bar r ie rs , the main deposition procedures 
are described in the section dealing with the binary systems. 

3. 3. 1. Study of the couples U-V and V-Al 

3 . 3 . 1 . 1 . U-V 

As no suitable electrolytic deposition process for vanadium had been 
found, evaporation by electron bombardment heating has been adopted [19] . 
The vanadium was carefully degassed and the uranium was anodically etched 
in a 10% IINO3 solution. The uranium substrate must be maintained at about 
400°C during evaporation if good adherence is requested. This determines 
a lower limit of the distance between the vapour source and the uranium. 
One hundred mm was chosen as the separation still permitting good efficiency. 
The heating of the uranium produces oxidation however, visible as a layer 
of about 2-μπι thickness by micrography, but not preventing the diffusion. 
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Fig. 5 

Ternary diffusion uranium­chromium­aluminium 

(a) Diffusion 85 h at 500'C, applied pressure 40 kg/cm* 

(b) Diffusion 85 h at 500'C, applied pressure 40 kg/cm2 

However , t o exclude any p o s s i b l e inf luence of an oxide f i lm a v e r y faint 

n ickel l aye r was deposited e lec t ro ly t ica l ly on s e v e r a l s amples before eva ­

porat ion of the vanadium. After evaporat ion, the samples were maintained 

for 16 h at 600°C under vacuum, in o r d e r to d e c r e a s e in te rna l tens ions and 

to i m p r o v e the a d h e r e n c e . No diffusion was found be tween vanad ium and 

α ­ u r a n i u m , even af ter hea t t r e a t m e n t s (up to 3 m o n t h s ) . 
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3 . 3 . 1 . 2 . V-Al 

Different p r o c e d u r e s w e r e used to p r e p a r e the diffusion couples : e v a ­
porat ion of vanadium onto a luminium, ro l l -mi l l i ng of units consis t ing of an 
a luminium rod su r rounded by a vanadium tube , combining a lumin ium and 
vanadium d i sks by t i t an ium s c r e w s and spo t -we ld ing . Both m e t a l s w e r e 
etched anodical ly, the a luminium in a mix tu re of HCIO4 and CH3COOH, the 
vanadium in a solution containing HF, CH3COOH and H3PO4. 

Diffusion t e s t s w e r e r u n at t e m p e r a t u r e s be tween 460 and 610°C and 
dura t ions between 3 h and 3 m o n t h s . 

The coeff icients of the equat ion 

X n =kt = k0e-Q/R T t , (4) 

where 
X = to ta l th ickness of diffusion l a y e r s (cm) 
Τ = t e m p e r a t u r e (°K) 
t = t ime (s) , 

have been calculated by the method of l eas t s q u a r e s . 
The following va lues have been found for the s a m p l e s with evapora ted 

vanadium : 

η =1.42 
k0 = 270 
Q =43 000 c a l / M 

For the rol led samples the diffusion is more rapid and it has been found 

η =1.48 
k 0 =7.7 
Q = 36 600 ca l /M 

The m i c r o p r o b e ana lyses c a r r i e d out on s a m p l e s t r e a t e d for 5X 105 s 
at 610°C revealed the p resence of four in termetal l ic compounds: V5Alg, VAI3, 
VAI« and VAI7 (Fig. 6). 

3. 3. 2. Multiphase diffusion studies in the U-V-Al system 

Vanadium layers of 10-to 22-μτη thickness were evaporated onto uranium 
d i s k s by the p r e v i o u s l y d e s c r i b e d p r o c e d u r e . The coa ted s a m p l e s w e r e 
clamped with t i tanium sc rews to aluminium disks and heat t rea ted in argon-
filled quartz capsules at t e m p e r a t u r e s between 460 and 610°C and t imes b e ­
tween 3X 104 and i#2X 107 s . 

Differing from what was found for the solid binary couples of Al-V, the 
two p h a s e s VAI7 and V5AI8 w e r e not de tec ted in the t e r n a r y s a m p l e s with 
evapora ted V; however , bes ides the two compounds VAI3 and VA16, in most 
samples a smal l U 0 2 layer was found (Fig. 7(b) which had been formed during 
the evapora t ion p r o c e d u r e . Th i s l a y e r b locks dur ing a c e r t a i n pe r iod the 
r e a c t i o n be tween VAI3 and the u r a n i u m . After a long p e r i o d of diffusion 
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Experimental values 
Theoretic concentration 

Fig. 6 
Diffusion of vanadium-aluminium for 5X105s at 610"C 

(t> 106 s) this l ayer d isappears completely, but it may probably be - together 
with the l imi ted solubi l i ty of the vanadium in the u r a n i u m - the r e a s o n for 
deviat ions in the diffusion law, when the a luminium begins to pene t ra te into 
the u r a n i u m . Samples which had r e c e i v e d a faint n icke l l a y e r be fore the 
vanadium evaporat ion (see 3 . 3 . 1 . 1 ) showed a m o r e r e g u l a r and a slightly 
enhanced diffusion, which however does not influence r e m a r k a b l y the g e ­
n e r a l r e s u l t s . 

The pene t ra t ion of the a luminium through the b a r r i e r p r o d u c e s , a s in 
the case of the other b a r r i e r s , the compound U Al3 . The penet ra t ion of the 
u ran ium towards the a luminium is p rac t i ca l ly stopped before it r e a c h e s the 
canning meta l , even when both the vanadium and the U 0 2 a r e totally consumed. 

As shown by F ig . 7, t he r e ex i s t s , after a t r ea tmen t of 3X lO^s at580°C, 
a g rad ien t of the u r a n i u m c o n c e n t r a t i o n in the VA13 p h a s e , r a n g i n g f rom 
1.6 wt.% at the in ter face UAI3/VAI3 to 0.6 wt.% at the in ter face VA13/VA16; 

0.3 wt.% u ran ium was de te rmined in the VAle. 
The mean composit ion of the diffusion l a y e r s , after a total consumption 

of metaUic vanadium (and U02) i s summar i zed in Table III. 



EFFICIENCY OF DIFFUSION BARRIERS 527 

ο 'o so 100 0 200 250 300 350 

Fig. 7 

Ternary diffusion of uranium-vanadium-aluminium 
(a) Diffusion U-V-Al, 3X106s at 580°C 
(b) Diffusion V-Al, 5X105s at 610°C 

The coefficients of the expression 

X = C i t c 2 e c 3 / T e c 4 E j (3) 

where 
X = total diffusion thickness (cm) 
t = time (s) 
T = temperature (°K) 
E = initial V thickness (cm), 

were calculated by the method of least squares . Using the experimental 
results obtained for the later stage of the diffusion process and neglecting 
those for shorter times, the following values were determined· 

Ci = 0.88 
C2 = 0.40 
C3 = -6600 
C4 = - 260. 

If a total diffusion zone of 7 50 μπι is acceptable, it follows that an initial 
vanadium barr ier of 10 urn will be sufficient for one year of operation at 
450°C. For the temperature of 470°C, 20 μπι are required for the same 
duration. 
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TABLE III 

MEAN COMPOSITION OF DIFFUSION 
LAYERS IN THE SYSTEM Al-V-U 
(Corrected values, adjusted to 100%) 

Al 
(wt.%) 

75.5 

61.7 

24.9 

V 
(wt.%) 

24.2 

37.0 

-

U 
(wt .% 

0.3 

1.6-0.6 

75.1 

Phase 

VA16 

VA13 

UA13 

3.4. Study of the diffusion in the system U-Nb-Al 

As the deposition of niobium onto metals is even more difficult than 
that of vanadium, the study of the niobium barrier has been very much de­
layed and no definite test results can be given at present. 

The deposition was done byC.E.N., Mol, using evaporation by means of 
electron bombardment heating. The procedure was similar to that employed 
for the evaporation of vanadium. Very careful degassing was necessary and, 
because of the higher temperature of the evaporation source, the distance 
between this and the uranium had to be raised to 160 mm. After a thermal 
treatment of the covered samples for 3 h at 600°C the niobium deposits show 
a good adherence. 

Preliminary binary diffusion tests have been run with samples prepared 
by roll-milling. No reaction has been detected between uranium and nio­
bium below 600°C. Between niobium and aluminium a eutectic alloy is 
formed, mostly in the giain boundaries of the aluminium at temperatures 
above 610°C. At 640°C NbAl3 appears and grows quite rapidly in thickness. 

3.5. Study of the diffusion in U-V-Si-Al system 

A somewhat different possibility for the solution of the diffusion barrier 
problem consists in the application of double layer barr iers , in which both 
components show a good resistance to their adjacent metals respectively 
and a low solubility for uranium and aluminium of the intermetallics formet 
between them. Several tests run up to now with the system U-V-Si-Al have 
given quite encouraging resul ts . Samples were prepared by evaporation 
as described for V and Nb. V and Si were deposited successively. Much 
care had to be taken to avoid cracking of the Si during the outgassing 
procedure. 

The diffusion mechanism in the system U-V-Si-Al seems to be verj 
complex. Thermodynamically, the "driving forces" for the diffusion ar t 
the differences in the chemical activities of the diffusing species. As the 
activity coefficients, which combine activity and concentration, normali} 
do not differ too much in the various parts of a system, this is in most casei 
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equivalent to the s t a t emen t that the diffusion follows the concen t ra t ion 

grad ien t . This i s , however , not a n e c e s s a r y conclusion and it is t h e r m o ­

dynamica l l y quite p o s s i b l e that diffusion o c c u r s aga in s t a c o n c e n t r a t i o n 

gradient ("up­hi l l diffusion"), for i n s t ance when the diffusion c r o s s e s the 

in te r face of two p h a s e s with a v e r y l imi ted mi sc ib i l i t y [20] . Such a c a s e 

ex i s t s apparen t ly for the s y s t e m in ques t ion. 

By m i c r o p r o b e ana lys i s of s a m p l e s t r e a t e d at different t e m p e r a t u r e s 

for different durat ions , the phases indicated in Table IV have been identified 

(UAI3ÌS formed only after quite heavy the rma l t r ea tmen t s ) . 

TABLE IV 

MEAN COMPOSITION OF DIFFUSION 

LAYERS IN THE SYSTEM Al­Si­V­U 

(Cor rec ted va lues , adjusted to 100%) 

Al 

(wt.%) 

< 0 . 4 

44.2 

59.8 

-

-

25.0 

Si 

(wt.%) 

38.3 

8 .7 

0.4 

-

-

-

V 

(wt. %) 

61.7 

47.1 

40.2 

99.4 

-

-

U 

(wt.%) 

-

-

-

0.6 

83.8 

75.0 

Phase 

(VSi2+V) 

VSij+VAlj 

VAI, 

V 

U02 

UA13 

Refe r r ing to the data of Table IV and to F i g s . 8 and 9, the following 
r e m a r k s can be m a d e : 

(a) The phase (VSi2+V) is only vis ible after a s t rong etching t r ea tmen t 

(5% HF) . The l a y e r , which i s p a r t i a l l y p e n e t r a t e d , i s 2 ­3 μπι t h ick . 

The phase d i ag ram (1) indicates that the exis tence of a phase VSi2 con­

taining vanadium in solid solution is p robab le . 

(b) The adjacent layer (visible here and there on Fig. 8)has a metallographic 

a spec t c o r r e s p o n d i n g to a m i x t u r e of two p h a s e s (VSi2 and VAI3). In 

spite of i ts placement between the aluminium and the foregoing layer , 

which i s n e a r e r to the a luminium, this l aye r contains m o r e a luminium 

and l e s s vanadium than the foregoing one, and a l so l e s s a luminium and 

m o r e vanadium than the following one. Its concentra t ion of s i l icon v a ­

r i e s s t rongly and the indicated value has to be cons idered as a mean 

value . The s t rong var ia t ion of the Si concentra t ion suppor t s , together 

with i ts aspec t , the hypothesis that the l aye r contains two phases (VSi2 

(+V) and VAI3). 

|c) The low concen t r a t ion of s i l i con in the following l a y e r (VAI3) m a y be 

due to the p r e s e n c e of p a r t i c l e s of VSi2 . The a s p e c t of the l a y e r ­ a 

brown colour after the HF etch ­ c o r r e s p o n d s to that found for VA13 in 

the b inary V­Al coup les . 
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uo2 
(V nol visible) 
V Al3 

V Si2+VA13 

(V S12* V) 

Fig. 8 

Multiphase diffusion of U-V-Si-Al samples 

(d) The pure vanadium layer of 0-to 6-μπι thickness contains a smaU con­
centration of uranium and is separated from the uranium by a thin grey 
layer, 2-3 μπι thick, consisting most probably of U02 . At some places, 
this layer is absent however and here the aluminium reacted with the 
uranium forming UA13 which penetrates sometimes deeply into the ura­
nium (Fig. 9). 
Table V summarizes the results obtained up to now with diffusion treat­

ments at 550, 520 and 490°C. 
As can be seen, approximate values for η and k have been calculated 

for special cases . The number of experimental resul ts is however still 
too small to draw more general conclusions, as to the dependence on 
temperature or relative thickness of initially deposited layers . It seems, 
however, that the multiple layer barr iers in question produce much smaller 
diffusion zones than the previously studied barr ie rs . 

4. DISCUSSION 

As shown above, the characterist ics of the bar r ie r types studied are 
quite different. A final decision for practical application in a special case 
has to take account of a large number of factors of which only a few are 
known up to now with certainty. Knowledge of the behaviour of the barriers 
under thermal gradients and under irradiation are completely missing. How­
ever, the results obtained up to now give a very strong basis for the final 
evaluation, as they allow comparison of the most important characteristics 
such as temperature limits, mechanical stability and diffusion ra te . The 
study of the deposition procedures has been up to now only a means to pro­
duce good, sound samples and was not influenced by questions of practical 
interest. Other possible deposition procedures may produce improvements, 
as , for instance, in the case of silicon, which may perhaps be deposited 
much easier by a gas phase decomposition than by evaporation. 

Table VI gives a very abridged comparison of the most important fea­
tures of the different bar r ie rs . 
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UO 

VSi2+VAI3 

(VSi2+ V) 

■ Al 

*Ι*ΜΜ·£Κ, vodfe íu*« U-t? 

Fig. 9 

Multiphase diffusion of U­V­Si­Al samples 

Presence of UAI3 tendrils. 

As may be seen, the nickel bar r ie r is the most convenient one from 
the point of view of the deposition. However, its relatively high diffusion 
rate makes it unsuitable for applications at about 450°C when low neutron 
absorption is required. The applicability of the chromium, barrier is doubt­
ful, owing to the high influence of the pressure on the diffusion ra te , 
which may lead to dangerous consequences in the case of hot spots and owing 
to failures in the deposited Cr layer. All the following bar r i e r s could be 
deposited up to now only by vacuum evaporation, which means that they are 
costly. The evaporation of niobium is very difficult, and as there are, for 
the time being, no other procedures of deposition working at relatively low 
temperatures of the substrate, this barrier shows an important disadvantage 
from the technical point of view. As its efficiency seems to be outstandingly 
good, application in solid form (foils) may be advantageous in special cases 
[21] . Vanadium may work satisfactorily; its evaporation is easier than that 
of niobium. The influence of pressure on diffusion has still to be examined. 
The Si­V double barrier shows great promise judging from the still limited 
experimental results . Diffusion rates are low, neutron absorption acceptable 
and mechanical bonding properties probably satisfactory. Experiments are 
continuing for further information on this barrier type. 

5. CONCLUSION 

Among the different diffusion barr iers (Ni, Cr, N, Nb, Si­V) studied with 
the aim of minimizing the diffusion between uranium and aluminium in a 
fuel element working with about 430°C surface temperature, the most pro­
mising ones seem to be vanadium and Si­V barr iers . Nickel shows too high 
diffusion rates, chromium is very sensitive to pressure variations and nio­
bium presents for the time being too many difficulties in respect to deposition. 
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TABLE ν 

THICKNESS OF DIFFUSION LAYERS AND DIFFUSION 
CONSTANTS IN THE SYSTEM Al-Si-V-U 

Temp. 

CO 

550 

520 

490 

Time 

(s) 

5X 10s 

2 X 105 

106 

2 X 106 

5 X 106 

8 X 106 

7 X 105 

106 

2 X 106 

5 X 106 

8 X 106 

107 

2 X 106 

4 X 106 

5 X 106 

Thickness of diffusion 

layers 

(um) 

I 

Si = 10 

V = 10 

Ni = 0 

50 

53 

70 

78 

175 

-

35 

38 

58 

110 

200 

200 

80 

100 

II 

Si = 5 

V = 10 

Ni = 0 

30 

38 

40 

55 

120 

425 

25 

35 

43 

-

320 

-

36 

55 

ΠΙ 

Si =20 

V =10 

Ni = 2 

-

120 

-

-

-

37 

100 

-

-

-

95 

Approximative values of the 

diffusion constants 

I 

η 

1.64 

1.52 

k 

(10"") 

4.9 

2.6 

II 

n 

1.19 

1.25 

I 

k 

(IO"10) 

16 

9.5 

III 
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TABLE VI 

COMPARISON OF DIFFERENT BARRIER TYPES 

Barrier 

Ni 

Cr 

V 

Nb 

Si-V 

Deposition 
method 

Electrolysis 

Electrolysis 

Evaporation by 
electron 
bombardment 

Evaporation by 
electron 
bombardment 

Evaporation by 
electron 
bombardment 

Judgement on 
deposition method 

Easy (attention to 
H2 uptake). 

Easy, but danger of 
porosity and cracks. 

Satisfactory, but 
costly. 

Difficult, costly. 

Satisfactory, 
costly. 

Temp, of start 
of binary diffusion 

(eC) 

UNi: 500 <T< 540 
NiAl: <350 

UCr: >600 
CrAl: <440 

U-V: >600 
V-Al: ~450 

U-Nb; >600 
Nb-Al: -610 

U-V: >600 

Properties of 
diffusion layers 

Numerous· different 
intermet all ics. 
Brittle. 

Less layers than for 
Ni. Not too brittle. 
No penetration of U 
in the can. 

Regular, practically 
no penetration of U 
to Al. 

Diffusion mostly in 
grain boundaries of 
Al. 

Not very brittle. 
Complex diffusion 
mechanism. 

Approximate thickness 
of barrier to resist 

450eC for ly r 
(Mm) 

> 30 

Comparable to Ni. 
Depends on pressure. 

- 10 

Most probably 
<10 

« 1 5 

Remarks 

Not interesting 
for ORGEL because 
of too high 
diffusion rate. 

Applicability 
doubtful, high 
influence of 
pressure at temp. 
> 450"C (hotspots). 

May be satisfactory; 
influence of 
pressure? 

Deposition 
difficult; pre-
diffusion difficult 
(temp, too high 
for Al). 

Promising, good 
efficiency at 
relatively high 
temperatures. 
Other Si deposition 
methods seem 
possible. 
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η 
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